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Abstract

Damage to bendable composite (BC) slabs can lead to a reduction in flexural load-
carrying capacity and compromise their post-cracking performance. This study ex-
perimentally investigates the strength regain of damaged bendable composite slabs
strengthened with externally bonded Carbon Fibre Reinforced Polymer (CFRP)
sheets. The experimental program considered BC slab specimens with 1.0%, 1.5%,
and 2.0% steel reinforcement ratios. The specimens were initially tested under
flexural loading to establish their response and introduce a controlled damaged
condition. The damaged specimens were subsequently strengthened using CFRP
sheets and retested under the same flexural loading arrangement. The structural
response was evaluated in terms of peak load, flexural stress, deformation, en-
ergy absorption, Flexural Toughness Index (FTI), strength regain, and failure

behaviour.

The experimental results demonstrated that CFRP strengthening improved the
flexural performance of the damaged BC slabs. Based on the measured peak loads
and the strength-regain expression defined in Equation (3.2), the percentage in-
crease in peak load was 29.80% for the 1.0% steel-reinforced specimen, 52.11% for
the 1.5% steel-reinforced specimen, and 118.51% for the 2.0% steel-reinforced spec-
imen. The corresponding peak loads increased from 20.10 kN to 26.09 kN for the
1.0% specimen, from 21.80 kN to 33.16 kN for the 1.5% specimen, and from 22.20
kN to 48.51 kN for the 2.0% specimen. The 2.0% steel-reinforced specimen exhib-
ited the highest percentage increase in peak load within the investigated range.
CFRP strengthening also increased deformation capacity and energy absorption,

indicating improved post-cracking performance.

An empirical relationship was also developed using the experimental peak-load re-
sults to provide a preliminary estimation of the peak load of CFRP-strengthened
BC slabs. The proposed relationship showed good agreement with the experimen-
tal observations within the investigated experimental range. Overall, the findings
demonstrate that externally bonded CFRP sheets can provide an effective reha-

bilitation technique for restoring a measurable portion of the lost flexural capacity
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of damaged bendable composite slabs while improving their post-cracking and

deformation performance.

Keywords: Bendable Composite (BC), Carbon Fibre Reinforced Polymer (CFRP),
Structural Rehabilitation, Strength Regain, Flexural Performance, Energy Ab-
sorption, Flexural Toughness Index (FTI), Peak Load Prediction.
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Chapter 1

Introduction

1.1 Prologue

Bendable composites, particularly Engineered Cementitious Composites (ECC),
have evolved into state-of-the-art materials that exhibit a variety of strain- hard-
ening and microcracking properties under tensile loads. Compared to conventional
Portland Cement Concrete (PCC), which degrades brittlely, ECC has greater duc-
tility, crack width management, and energy absorption capacity. However, even
high-performance composites like ECC can be damaged by stress, exhaustion, or
environmental exposure. Restoring the strength and serviceability of such dam-
aged composites is therefore a major undertaking.Carbon fiber reinforced poly-
mer (CFRP) sheets are now often utilized in structural strengthening applications
because they are lightweight, resistant to corrosion, and easy to install. When
externally attached to damaged structural components, CFRP sheets provide ad-
ditional confinement and tensile resistance, enhancing flexural strength, stiffness,
and durability. The interaction between the composite substrate and CFRP re-
inforcement determines the strengthening system’s effectiveness. The strength re-
covery behavior of damaged bendable composite slabs reinforced with externally
bonded CFRP sheets is investigated in this work. The study evaluates mechanical
performance measures such load carrying capability, stiffness enhancement, frac-

ture control, and ductility improvement. By better understanding the structural

1
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behavior of damaged bendable composite slabs before and after CFRP strengthen-
ing, this work seeks to contribute to the development of dependable rehabilitation
approaches for sustainable infrastructure.The findings of this study should provide
scientific understanding and practical suggestions for using CFRP-based strength-
ening techniques in damaged composite structures in order to enhance durability,

safety, and long-term structural resilience.

1.2 Research Motivation and Problem Statement

Damage to structural slabs can occur because of excessive flexural loading, re-
peated loading, accidental actions, deterioration, or other service-related condi-
tions. When cracking becomes significant, the stiffness, load-carrying capacity,
deformation behaviour, and post-cracking performance of the slab may be reduced.
Bendable composite (BC) materials provide improved deformation capacity and
crack-control characteristics compared with conventional cementitious materials;
however, these characteristics do not eliminate the possibility of structural damage.
Therefore, an effective rehabilitation technique is required to restore a measurable
portion of the lost structural capacity while maintaining the beneficial deformation

and post-cracking characteristics of the composite.

Externally bonded Carbon Fibre Reinforced Polymer (CFRP) sheets provide a
practical strengthening option because of their high tensile strength, low self-
weight, corrosion resistance, and ability to be bonded to the tension face of flexural
members. CFRP strengthening can provide additional tensile resistance and can
modify the load—deformation and post-cracking response of a damaged member.
The motivation for the present study is therefore to investigate whether CFRP
sheets can effectively restore the flexural performance of damaged BC slabs and

to quantify the resulting strength regain

The research problem addressed in this study is the limited experimental under-
standing of the extent to which the flexural capacity and post-cracking perfor-

mance of deliberately damaged bendable composite (BC) slabs can be recovered
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through externally bonded Carbon Fibre Reinforced Polymer (CFRP) strengthen-
ing. Although CFRP has been widely used for strengthening conventional concrete
members, the strength regain of damaged BC slabs after CFRP rehabilitation re-
quires specific experimental evaluation. In particular, it is necessary to determine
the change in peak load, flexural stress, deformation, energy absorption, Flexural

Toughness Index (FTT), and failure behaviour before and after strengthening.

Accordingly, this research experimentally investigates damaged BC slabs contain-
ing 1.0%, 1.5%, and 2.0% internal steel reinforcement ratios. The specimens are
initially subjected to flexural loading to establish their original structural response
and induce a controlled damaged condition. Following the initial loading, the
damaged specimens are strengthened using externally bonded CFRP sheets and

subsequently retested under the same loading configuration.

The primary research objective is to quantify the strength regained through CFRP
strengthening and to evaluate the influence of the internal steel reinforcement
ratio on the structural response of the strengthened BC slabs. The experimental
results are compared in terms of load-carrying capacity, deformation behaviour,
and flexural performance before and after CFRP strengthening. The findings are
intended to provide practical insight into the effectiveness of CFRP sheets for the
rehabilitation of damaged BC slabs and to support their application in structural

repair and strengthening.

1.2.1 Research Questions

i. What improvement can be achieved within the elastic range of BC slabs through
CFRP wrapping?

ii. How can the failure mechanism of BC slabs be improved through CFRP wrap-
ping?

iii. How much strength can be regained in damaged BC slabs using CFRP wrap-
ping?

iv. Can the Peak Load of CFRP-Wrapped Bendable Composite Slabs Be Accu-
rately Predicted by an Empirical Equation?
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v. What will be the efficiency of wrapping for determining strength of slabs?

vi. How can CFRP wrapping be practically implemented for the rehabilitation of
damaged BC slabs?

1.3 Overall Goal of the Research Program and Spe-
cific Objective of this MS Thesis

The research program’s main goal is to create and verify efficient repair methods
utilizing Carbon Fiber Reinforced Polymer (CERP) sheets in order to prolong the
service life of damaged bendable composites, restore their mechanical qualities,
and encourage ecologically friendly construction methods. This project aims to
increase understanding of material rehabilitation techniques for flexible composites
and their application in critical structural elements. The specific goal of this
ms research thesis is to examine Structural Rehabilitation of Damaged Bendable

Composite Slabs Using Carbon Fibre Reinforced Polymer (CFRP) Sheets.

1.4 Scope of Work and Study Limitations

The purpose of this study is to determine the extent to which externally bonded
Carbon Fibre Reinforced Polymer (CFRP) sheets can restore the flexural perfor-
mance of damaged bendable composite (BC) slabs. The experimental scope cov-
ers the fabrication of BC slabs, initial flexural testing, controlled damage, CFRP
strengthening, curing, and retesting under the same three-point bending arrange-
ment. The investigation considers three internal steel reinforcement ratios, namely
1.0%, 1.5%, and 2.0%, while the slab geometry, CFRP strengthening configuration,

and principal test conditions are kept consistent.

The principal limitations of the study are as follows. First, the investigation is
laboratory-based and uses slab specimens of a fixed nominal geometry; therefore,

the findings should not be generalized directly to slabs with different dimensions,
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boundary conditions, or structural systems. Second, only three internal steel re-
inforcement ratios (1.0%, 1.5%, and 2.0%) were investigated, so the influence of
other reinforcement levels was not established. Third, the study employed one
CFRP strengthening configuration and one epoxy-bonding system; the effects of
different CFRP layouts, numbers of layers, orientations, anchorage arrangements,

or adhesive systems were not experimentally examined.

Fourth, damage was introduced under controlled laboratory flexural loading. The
behaviour of naturally damaged slabs with irregular crack patterns, corrosion, im-
pact damage, or other field deterioration mechanisms was not investigated. Fifth,
the experimental program focused on monotonic flexural loading and did not in-
clude long-term cyclic loading or environmental durability exposure such as sus-
tained moisture, temperature variation, or ultraviolet radiation. Consequently,
long-term CFRP durability and field performance require further investigation.
Finally, the empirical relationship developed in Chapter 5 is based on the limited
experimental dataset used in this study and should be regarded as a preliminary
relationship within the investigated range rather than an independently validated

design equation.

1.4.1 Rationale Behind Variable Selection

Because of its remarkable mechanical and physical qualities, including its capacity
to reinforce and repair damaged flexible composites, CFRP sheets were selected
for this investigation. The exceptional combination of high tensile strength, stiff-
ness, and lightweight properties of carbon fiber reinforced polymer (CFRP) sheets
allows for the effective repair of damaged composites without sacrificing their
flexibility or adding undue weight. The long-term durability of the repairs is sup-
ported by CFRP’s resistance to environmental deterioration, including moisture,
UV exposure, and temperature variations, in comparison with many conventional
reinforcement materials. In addition, the externally bonded CFRP system can
effectively transfer tensile stresses across critical regions of the damaged slab and

contribute to improved load-carrying capacity. Its relatively simple application
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process also makes CFRP suitable for strengthening structural elements without
extensive modification of the existing geometry.Therefore, the use of CFRP sheets
provides a practical strengthening approach for evaluating strength recovery and
post-damage flexural performance in BC slabs.Furthermore, CFRP sheets offer
a favorable strength-to-weight ratio, which makes them particularly suitable for
lightweight strengthening applications. Their use can help control the propaga-
tion of existing cracks and improve the overall stiffness of damaged BC slabs. The
strengthening system can therefore enhance structural performance while main-

taining the functional advantages of the original bendable composite.

1.5 Brief Methodology

The experimental methodology was carried out in a sequential manner. First, the
bendable composite (BC) slab specimens were prepared with the selected internal
steel reinforcement ratios of 1.0%, 1.5%, and 2.0%. The specimens were then
subjected to initial flexural testing to establish their baseline load—deformation
behaviour. Controlled flexural damage/pre-cracking was subsequently introduced
in the specimens designated for rehabilitation. After unloading and inspection,

the damaged slab surfaces were prepared and cleaned for CFRP application.

CFRP sheets were then bonded to the tension face using the adopted epoxy ad-
hesive system and allowed to cure for the specified period. The strengthened
specimens were retested under the same flexural loading arrangement used for the
initial testing. The responses of the CFRP-strengthened specimens were compared
with those of the corresponding damaged unwrapped specimens in terms of peak
load, flexural stress, deformation, energy absorption, Flexural Toughness Index
(FTI), strength regain, and failure behaviour. Finally, the experimental peak-load
results were used to develop and assess a preliminary empirical relationship within

the investigated experimental range.

The strengthened specimens were also evaluated to determine the effectiveness of

CFRP sheets in restoring the flexural performance lost due to pre-cracking. The
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findings were used to establish the influence of CFRP strengthening on the post-
damage behaviour of BC slabs and to identify the potential of the technique for

practical structural rehabilitation.

1.5.1 Research Novelty or Uniqueness

This study introduces a novel technique for repairing damaged bendable compos-
ites using Carbon Fiber Reinforced Polymer (CFRP) sheets in order to restore
strength and flexibility—two crucial properties that distinguish these composites
from conventional rigid materials. In contrast to previous research that mostly
works with rigid composite systems, this work investigates the unique challenges
of rehabilitating bendable composites, such as improving repair parameters in-
cluding fiber orientation, layer thickness, and adhesive characteristics. Combining
actual testing with Finite Element Modelling (FEM), which provides a compre-
hensive understanding of the failure mechanisms and stress distribution in repaired

structures, adds even more innovation.

In the realm of composite material engineering, the work addresses a critical need:
the repair and reuse of bendable composites, which are increasingly being used in
modern construction because of their flexibility and endurance. By demonstrat-
ing effective repair methods, our research contributes to extending the lifespan of
these materials, reducing material waste, and promoting sustainable construction
practices. By providing useful information about how to improve the performance
and durability of repaired composites under dynamic and environmental loads,
the results further raise the possibility of their wider usage in structural appli-
cations.The research’s conclusions are significant since bendable composites are
used in seismic-resistant buildings, bending architectural elements, and flexible
infrastructure.directly impact the infrastructure and building sectors. The estab-
lished repair procedures can be used to fix damaged parts on-site, saving money

on replacements and downtime.

Additionally, by enabling the reuse of damaged composites, the results promote

the circular economy by offering a more cost-effective and environmentally friendly
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alternative to material replacement and disposal. The optimal repair methods and
suggestions proposed in this work can also be used by engineers and practitioners
to promote the efficient and sustainable usage of composite materials in real-world

applications.

1.5.2 Research Significance and Benefits

Because it directly enhances structural rehabilitation methods for damaged con-
crete slab structures, the study is significant. In contemporary infrastructure,
structural deterioration brought on by aging, exposure to the environment, over-
loading, and wear and tear is a recurring problem. Since slab elements are the
main load-bearing components of buildings, bridges, and industrial floors, they

are especially susceptible to stiffness loss and cracking.

Therefore, it is crucial for the building industry to be able to restore mechani-
cal function without completely replacing them.The strength recovery of damaged
bendable composite slabs reinforced with Carbon Fibre Strengthened Polymer
(CFRP) sheets is experimentally validated in this study.The study provides a thor-
ough grasp of rehabilitation efficacy in controlled laboratory conditions by exam-
ining both traditional Portland Cement Concrete (PCC) and Engineered Cemen-
titious Composite (ECC) slabs with different steel reinforcing ratios. Engineers
can assess the efficacy of CFRP strengthening in a methodical and quantitative
way by measuring ultimate load capacity, cracking behavior, ductility, stiffness

improvement, and energy absorption.

The primary contribution of the work is the demonstration that pre-cracked slabs’
structural capability can be greatly increased by externally bonded CFRP sheets.
This has direct economic implications because rehabilitation is far less expensive
than demolition and reconstruction. CFRP’s low weight ensures that the structure
will encounter minimal extra dead load, preserving overall stability and enhancing
performance. Stronger specimens also have better crack management, increasing
durability and reducing the need for continuous maintenance.Another important

benefit is the research’s contribution to sustainable building practices. The study’s
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preference for restoration over replacement promotes material conservation and the
decrease of building waste. Longer-lasting structures cut down on carbon emissions
from transportation and the production of new materials. In this sense, the study
backs global sustainability goals related to resilient infrastructure and resource

management.

This work fills a knowledge gap in academia by evaluating the combined interplay
of external CFRP confinement, internal steel reinforcement, and ECC behavior in
slab structures. The findings set the stage for next analytical modeling and nu-
merical simulations of reinforced composite slabs. Based on reinforcement ratios
and damage levels, the results can be used in practice to assist engineers in select-
ing the optimal strengthening designs.The research generally benefits technology,
the economy, and the environment. It promotes sustainable infrastructure man-
agement, extends service life, improves structural safety, and reduces maintenance
costs. The rigorous experimental methodology used in this work ensures that
its conclusions are reliable, reproducible, and applicable to real-world engineering

practice.

1.5.3 Practical Implementation

The practical implications of the research are highly relevant for infrastructure
maintenance authorities, rehabilitation contractors, and structural engineers. The
results of the experiment demonstrate that externally attached Carbon Fibre Re-
inforced Polymer (CFRP) sheets can effectively recover and enhance the flexural
performance of damaged bendable composite slabs. This provides a technically
validated strengthening method that may be applied to real-world structural re-
habilitation projects.One of the primary practical outcomes of the study is the
confirmation that damaged slab elements do not necessarily require replacement
or demolition. Instead, with careful CFRP application, epoxy bonding, and sur-
face preparation, damaged slabs can have their structural capability significantly

restored.
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This approach reduces construction delays, minimizes disruptions to service op-
erations, and lowers overall restoration costs. These advantages are particularly
advantageous for parking structures, commercial buildings, bridges, and industrial
floors where structural failure leads to monetary losses. The findings also provide
suggestions for selecting appropriate strengthening configurations based on steel
reinforcement ratios and substrate type (PCC or ECC). Engineers can utilize the
experimental results to estimate strength return percentages, energy absorption
improvements, and predicted stiffness increases. This makes it possible to base
design decisions for strengthening projects on performance. With an emphasis on
surface preparation and curing methods to ensure effective weight transmission,
the study also highlights how important it is for the CFRP sheet and the concrete
substrate to effectively bind.Additional safety advantages are provided by the en-
hanced ductility and fracture control seen in CFRP-wrapped slabs in seismically
active areas. Under dynamic loading circumstances, increased energy absorption
capacity can strengthen structural robustness. Furthermore, because CFRP is
lightweight, it may be used to retrofit existing structures without adding undue
weight, which is frequently a drawback of conventional steel platest rengthening
techniques. The research’s technique can also be used as a technical framework
to improve manuals and update design standards. Consultants and rehabilitation
experts can reliably use CFRP-based systems for slab strengthening applications
by integrating experimentally proven data into engineering practice.All things con-
sidered, this study’s practical consequences go beyond lab testing. The findings
offer a workable, effective, and long-lasting strengthening option that may be eas-
ily applied in infrastructure restoration projects, resulting in structural systems

that are safer and more resilient.

1.5.4 National and Global Impact with Emphasis on SDGs

Relevance

The outcomes of this research have both national and global significance, partic-

ularly in the context of sustainable infrastructure development. Many developing



Introduction 11

and developed nations face serious challenges related to aging infrastructure, in-
creased traffic loads, rapid urbanization, and environmental degradation. Struc-
tural rehabilitation has become a national priority in order to maintain safety and
serviceability without excessive financial burden. The strengthening methodol-
ogy investigated in this research provides a cost-effective and technically reliable
solution for restoring damaged slab systems, which are widely used in bridges, res-
idential buildings, commercial complexes, and industrial facilities.From a global
perspective, this study supports the implementation of Sustainable Development
Goals (SDGs). Specifically, it contributes to SDG 9 (Industry, Innovation, and
Infrastructure) by promoting innovative composite strengthening techniques for

resilient infrastructure.

It aligns with SDG 11 (Sustainable Cities and Communities) by enhancing struc-
tural safety and extending the service life of urban infrastructure. Furthermore, by
encouraging rehabilitation instead of demolition and reconstruction, this research
supports SDG 12 (Responsible Consumption and Production) through reduced
material waste and resource conservation. The extended lifespan of strengthened
structures also reduces carbon emissions associated with new construction, con-
tributing indirectly to SDG 13 (Climate Action). Thus, the research integrates

structural engineering innovation with global sustainability objectives.

1.5.5 Research Challenges

Several technical and experimental challenges were encountered during the course
of this study. One major challenge involved achieving controlled pre-cracking of
slab specimens to simulate realistic damage conditions without causing prema-
ture failure. Ensuring uniform crack distribution and comparable damage levels
across specimens required careful load control and monitoring. Another significant
challenge was maintaining proper bonding between the CFRP sheets and the con-
crete substrate. Surface preparation, including cleaning, roughening, and removal
of dust particles, was critical to ensure effective adhesion. Any inconsistency in

epoxy application or curing conditions could influence the strengthening efficiency
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and failure mode.Accurate measurement of load-deflection behavior and energy ab-
sorption capacity also required precise instrumentation and calibration of testing
equipment. Controlling environmental conditions during curing and testing was
essential to minimize variability in experimental results. These challenges high-
light the importance of methodological rigor and careful experimental planning in

composite strengthening research.

Additionally, achieving consistent specimen geometry and reinforcement place-
ment was important to reduce variations between the tested slabs. Careful han-
dling of the specimens was necessary during transportation, pre-cracking, CFRP
application, and subsequent testing to avoid unintended damage. Maintaining
the same loading arrangement and testing procedure for both unwrapped and
strengthened specimens was also essential for meaningful comparison. Overall,
these challenges required careful supervision at each stage of specimen prepara-

tion, strengthening, curing, and experimental testing.

1.5.6 Ethical Management Considerations and Risk Man-

agement

Throughout the whole study process, ethical integrity was upheld by following the
values of truthfulness, openness, precision, and professional accountability. Ev-
ery attempt was made to guarantee the dependability and repeatability of the
results obtained, and all experimental procedures were carried out in compliance
with recognized scientific principles. The information gathered during the prepa-
ration, testing, and analysis of the specimens was precisely documented and kept
unaltered. There was no selective reporting of positive results, and all observa-
tions—including unanticipated outcomes, constraints, and failure modes—were
objectively recorded. To prevent plagiarism and uphold intellectual property
rights, prior research works were properly cited and acknowledged. These steps
helped to preserve the research work’s legitimacy, authenticity, and academic in-
tegrity.From a management standpoint, the experimental program’s successful im-

plementation required meticulous planning and coordination.
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To guarantee the effective use of laboratory resources and available time, a me-
thodical plan was created for material procurement, specimen casting, curing,
damage induction, CFRP application, and flexural testing. To reduce delays and
preserve uniformity throughout the experiment, special consideration was paid to
the availability of testing apparatus, laboratory space, and building supplies. In
order to track the research’s development and enable precise data analysis, ef-
ficient record-keeping and documentation procedures were also implemented.An
essential component of the study was risk management and safety issues. Because
the experimental program included flexural testing of ECC slab specimens and
reinforced concrete under high loading conditions, the necessary safety measures
were put in place to shield staff and equipment from potential risks related to
unexpected specimen failure. Throughout the whole testing process, laboratory
safety procedures were closely adhered to. Additionally, extra caution was used
when handling and applying CFRP sheets and epoxy adhesives, including wearing
gloves, safety glasses, and protective clothes. To reduce exposure to potentially
hazardous vapors, adequate ventilation was maintained during the mixing and ap-
plication of epoxy. The research was carried out in a responsible, methodical, and
professional manner by putting these ethical, managerial, and safety precautions
into practice, guaranteeing both the caliber of the experimental results and the

welfare of all participants.

1.5.7 Research Deliverables, Sales and Marketing Potential

The main output of this study is an externally bonded CFRP sheet reinforcing
framework for damaged bendable composite slabs. This covers experimental data
on energy absorption capacity, stiffness augmentation, ductility improvement, and
strength restoration. For structural engineers and consultants, the findings can
be converted into useful design suggestions and rehabilitation guidelines. From
a business perspective, CFRP-based strengthening systems have a large market

potential due to the rising demand for infrastructure restoration around the world.
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The results of this study can be used by construction businesses, engineering con-
sulting firms, and material suppliers to promote innovative composite strengthen-
ing solutions. Confidence in the use of CFRP systems in both public and private
infrastructure projects is increased by their proven effectiveness in repairing dam-
aged slabs. In the construction sector, this opens up possibilities for product
creation, technical consulting services, and specialist rehabilitation contracts.All
things considered, the research strengthens the connection between laboratory
research and real-world engineering application while also making a significant

academic contribution and providing observable economic and industrial benefits.

The load response was monitored throughout the test to identify the initiation
of cracking and subsequent changes in the flexural behaviour. The recorded
peak-load values were used for comparison among specimens with different re-
inforcement ratios. This approach provided a consistent basis for assessing the
changes in load-carrying capacity after CFRP strengthening. The resulting load—
deformation curves were also used to examine the overall flexural response of the
specimens. The consistency of the testing procedure helped ensure that the ob-
served differences were primarily associated with the strengthening condition.The
proposed strengthening approach may also reduce the need for complete replace-
ment of damaged structural elements, thereby supporting more efficient rehabili-
tation practices. It provides a basis for further development of CFRP-based repair
techniques for different types of composite structural members. The experimental
findings can assist future researchers in optimizing CFRP configurations, bonding
techniques, and strengthening procedures. Overall, the study demonstrates the
potential of CFRP strengthening as a practical component of modern structural

rehabilitation strategies.

1.6 Thesis Structure

This thesis includes six chapters. That are:



Introduction 15

Chapter 1 includes introduction. It covers the background, research motivation,
problem statement, and overall and specific aims of this research, scope of work

with study limitations, brief methodology, and thesis outline.

Chapter 2 consists literature review. It comprises of background, nature of bend-
able composite and conventional concrete, use of local material for producing
bendable composite, application of bendable composites in structural elements,

summary.

Chapter 3. This chapter consists of the experimental scheme, raw ingredients in

concrete, mix design casting of specimens, testing, and summary of chapter 3.

Chapter 4 includes the results obtained from tests and their analysis. It describes
the background, dynamic properties and mechanical properties of the mixes (PC,
bendable composite), miscellaneous properties (water absorption, linear shrinkage,

and mass loss), fractured surfaces of tested specimens, and summary of chapter 4.

Chapter 5 explains the guidelines for practical implementation, it has background,
optimum combination of fiberglass fiber lengths, application of this research in real

life, and summary of chapter 5.

Chapter 6 consists of conclusions and future recommendations. At the end Bibli-

ography is provided.



Chapter 2

Literature Review

2.1 Background

Concrete is one of the most extensively used construction materials because of its
availability, relatively low cost, ease of production, and high compressive strength.
However, conventional cement-based concrete has comparatively low tensile streng
th and limited deformation capacity. Under tensile and flexural loading, cracking
can develop rapidly and may subsequently result in stiffness degradation, loss of

serviceability, and brittle failure if the cracking is not adequately controlled [1-2].

To overcome these limitations, researchers have developed high-performance fibre-
reinforced cementitious composites with improved tensile behaviour, crack control,
ductility, and energy absorption. Engineered Cementitious Composite (ECC) is
one important class of strain-hardening cementitious composites that has been
extensively investigated because of its ability to develop multiple closely spaced
cracks rather than a single dominant crack [1-5-21|. The micro mechanical interac-
tion between the cementitious matrix and dispersed fibres allows these composites
to sustain deformation beyond first cracking and provides a more gradual failure

response than conventional concrete [6-7].

The term bendable composite (BC) is used in this thesis as the broader terminol-
ogy for the investigated cementitious composite system. Although the literature

frequently discusses ECC as a form of bendable concrete, the two terms are not
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treated as automatically identical in this research. ECC is discussed where the
cited literature specifically concerns Engineered Cementitious Composite, whereas

BC refers to the material system investigated in the present experimental program.

The improved deformation and crack-control characteristics of bendable cementi-
tious composites make them attractive for structural and rehabilitation applica-
tions. Nevertheless, improved ductility does not make these materials immune to
damage. Excessive flexural loading, repeated loading, accidental actions, and de-
terioration can produce cracks and reduce the structural capacity of a member|24-
25]. Therefore, rehabilitation techniques capable of restoring the load-carrying

capacity of damaged composite members remain important.

Externally bonded Carbon Fibre Reinforced Polymer (CFRP) systems have be-
come an established strengthening technique for concrete and cement-based struc-
tural members. CFRP sheets possess high tensile strength, high stiffness-to-weight
ratio, low density, and resistance to corrosion. When appropriately bonded to the
tension face of a flexural member, they can provide additional tensile resistance

and modify the post-cracking response of the strengthened member [3-4-31-33-34].

The literature reviewed in this chapter is therefore focused on the aspects di-
rectly related to the present research: the behaviour of bendable cementitious
composites, their cracking and deformation mechanisms, the role of internal steel
reinforcement, the strengthening mechanism of CFRP sheets, CFRP bond be-
haviour, post-cracking performance, energy absorption, toughness, and rehabili-
tation of damaged structural members. This focus establishes the basis for in-
vestigating strength regain in damaged bendable composite slabs strengthened
with externally bonded CFRP sheets. The rationale for the literature review is
established from four directly related areas. First, studies on bendable and En-
gineered Cementitious Composite materials provide the background for deforma-
tion capacity, controlled cracking, ductility, post-cracking behaviour, and energy
absorption. Second, research concerning damaged cementitious and reinforced
structural members establishes the need for effective rehabilitation when cracking
and damage reduce structural performance. Third, previous investigations of ex-

ternally bonded Carbon Fibre Reinforced Polymer (CFRP) systems establish the
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importance of CFRP tensile resistance, bond behaviour, surface preparation, and
flexural strengthening. Fourth, studies combining strain-hardening cementitious
composites with fibre-reinforced polymer systems provide a basis for considering

hybrid rehabilitation approaches.

Although these research areas provide substantial technical knowledge, compara-
tively limited experimental evidence is available concerning the quantitative streng-
th regain of deliberately damaged bendable composite slabs after CFRP strength-
ening. In particular, the influence of the internal steel reinforcement ratio on re-
gained peak load, flexural stress, deformation, energy absorption, Flexural Tough-
ness Index, and failure behaviour requires further experimental assessment. There-
fore, the literature reviewed in this chapter is used not only to establish the general
background of BC and CFRP systems but also to identify the specific research gap

addressed by the present experimental investigation.

Accordingly, the subsequent sections are organized around bendable-composite
behaviour, cracking and post-cracking mechanisms, internal steel reinforcement,
CFRP strengthening and bond behaviour, energy absorption and toughness, fail-
ure mechanisms, and rehabilitation of damaged structural members. This organi-
zation provides a direct connection between the reviewed literature, the identified

research gap, and the experimental program undertaken in this thesis.

2.2 Need for New Composite Unique Structures

Conventional concrete provides adequate compressive resistance for many struc-
tural applications but has inherent limitations under tensile and flexural loading.
Once tensile cracking develops, the capacity of an unreinforced cementitious ma-
trix to sustain additional deformation is limited. Consequently, the development
of materials capable of controlling cracks while maintaining load-carrying capac-
ity after cracking has become an important research area [1-2|.Strain-hardening
cementitious composites were developed to address this limitation. These com-
posites are designed so that cracking of the matrix does not immediately result in

loss of load-carrying capability. Instead, reinforcement across the cracks allows the
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material to continue carrying load while additional cracks develop. This behaviour
provides higher deformation capacity and improved energy absorption compared

with conventional concrete [5-6-21].

The structural benefit of such composites is particularly relevant for members
subjected to flexural actions. Controlled cracking can reduce the concentration
of deformation at a single crack and provide a more distributed damage pattern.
The resulting behaviour can improve serviceability and delay the development of

a critical failure mechanism [15-16-17|.

However, a bendable composite structural member can still suffer significant dam-
age when the applied demand exceeds its capacity. Once a slab has experienced
substantial cracking, its stiffness and load-carrying mechanism may change. Con-
sequently, the ability to repair and strengthen a damaged member is an important
consideration for extending its service life.For this reason, the present research
considers a two-stage structural system. The first stage consists of the bendable
composite slab with internal steel reinforcement, while the second stage involves
externally bonded CFRP sheets applied after controlled flexural damage. The
literature on CFRP strengthening provides evidence that externally bonded fibre-
reinforced polymer systems can improve the flexural performance of damaged or

deficient concrete members|3-4-31-32].

The combination of a ductile cementitious substrate and an external high-strength
CFRP reinforcement therefore provides a rational basis for investigating whether
lost flexural capacity can be recovered after controlled damage. The relevant

mechanisms are discussed in the following subsections.

2.2.1 Micro-Mechanics and Strain Hardening Behaviour

The enhanced tensile behaviour of strain-hardening cementitious composites is
fundamentally associated with the interaction between the cementitious matrix
and the reinforcing fibres. Micromechanical design considers matrix cracking, fibre
bridging, fibre pull-out, and the transfer of stress across developing cracks|5-6-

7].In a conventional cementitious matrix, once a crack becomes critical, stress
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becomes concentrated around the crack and the material may experience rapid
localization. In a strain-hardening composite, reinforcement crossing the crack
provides a mechanism for transferring tensile stress from one side of the crack to
the other. Continued loading can therefore produce additional cracks while the

overall member continues to carry load [17-21].

The fibre-bridging mechanism is particularly important because the bridging re-
inforcement provides resistance against crack opening. The effectiveness of this
mechanism depends on several factors, including fibre properties, fibre-matrix in-
teraction, matrix strength, fibre distribution, and the stress-transfer characteristics

at the crack interface [5-7-17].

Li [1] described ECC as a material system designed around micromechanical prin-
ciples to obtain high tensile ductility and controlled multiple cracking. The strain-
hardening response occurs when the bridging capacity available across developing

cracks is sufficient to sustain additional loading after matrix cracking[1-21].

This behaviour distinguishes strain-hardening cementitious composites from con-
ventional concrete. Instead of concentrating deformation at one dominant crack,
deformation can be distributed among multiple cracks. Such behaviour is ben-
eficial where structural members are required to tolerate significant deformation

before failure.

For the present research, this concept is important because the initial slab is
deliberately subjected to flexural loading before CFRP strengthening. The ability
of the bendable composite slab to develop controlled cracking provides a suitable
basis for examining the subsequent effect of CFRP rehabilitation. It is important
to distinguish the micromechanical fibre behaviour reported in ECC literature
from the steel reinforcement used in the present slab specimens. The present
experimental investigation varies the ratio of internal steel reinforcement at 1.0%,
1.5%, and 2.0%. These percentages represent the steel reinforcement used in the
slab system and are not treated as steel-fibre volume fractions. The resulting
differences in reinforcement ratio provide a basis for assessing changes in load-

carrying capacity and deformation behaviour after strengthening. This approach
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also enables a direct comparison of the effectiveness of CFRP rehabilitation for

slabs with different levels of internal steel reinforcement.

2.2.2 Multiple Cracking and Crack Width Control

One of the principal advantages associated with bendable cementitious composites
is their ability to distribute deformation through multiple cracks. Instead of allow-
ing one crack to become dominant at an early stage, the development of multiple
cracks can distribute tensile deformation over a larger region [15-17],.Crack-width
control is important because wide cracks can adversely affect structural service-
ability and may provide pathways for moisture and aggressive agents. Research
on ECC has demonstrated that controlled microcracking can contribute to im-
proved durability by limiting crack widths and reducing the transport of harmful
substances through the cracked material[9-10-13-15].

The development of multiple cracks is related to the balance between matrix crack-
ing resistance and the bridging capacity of the reinforcement crossing the cracks.
Once the conditions for continued cracking are satisfied, new cracks can form while
existing cracks remain relatively controlled [17].Under flexural loading, this mech-
anism can result in a distributed cracking pattern through the tensile region of a
slab. The resulting response is generally more gradual than the abrupt cracking
associated with ordinary cement concrete. Such behaviour is particularly useful

when deformation and energy absorption are important design considerations.

2.2.3 Applications of Bendable Concrete in Unique Struc-

tural Systems

The improved tensile ductility, crack-width control, and durability of strain-harden-
ing cementitious composites have resulted in their investigation for a variety of
structural applications. Previous research has considered ECC in bridge deck link
slabs, repair layers, structural components, seismic applications, and other systems

where deformation and crack control are important [14-16-25-53].The application
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of bendable composites is particularly relevant to structural members in which
cracking and deformation control influence serviceability. Bridge deck link slabs,
for example, have been investigated because the material can accommodate defor-
mation while controlling crack development [14]. ECC has also been investigated
for strengthening and rehabilitation of existing reinforced concrete structures [24-
54].

Recent reviews have highlighted the potential of engineered cementitious compos-
ites for resilient infrastructure because of their combination of tensile strain capac-
ity, crack control, durability, and structural compatibility [25-27-51-53].Although
these applications demonstrate the potential of bendable composites, they do not
directly answer the question addressed by this thesis: how much flexural capacity
can be recovered when an already damaged bendable composite slab is strength-

ened using externally bonded CFRP sheets?

Therefore, the present literature review places greater emphasis on the damage
and rehabilitation stage rather than discussing applications that are not directly

related to the research objectives.

2.3 CFRP Strengthening of Structural Elements

Fibre-reinforced polymer composites have become widely used in structural reha-
bilitation because they can provide additional tensile or confinement resistance

without substantially increasing the self-weight of the strengthened member.

Among different FRP systems, CFRP is particularly attractive because carbon
fibres possess high tensile strength and stiffness and are not susceptible to con-
ventional steel corrosion [3-4-33-34]|.CFRP strengthening systems generally consist
of high-strength carbon fibres embedded in or combined with a polymeric resin
system. For externally bonded applications, the CFRP sheet is attached to the
prepared surface of the existing structural member using an adhesive, commonly
an epoxy-based system. The effectiveness of the strengthening system therefore
depends not only on the mechanical properties of the CFRP but also on the qual-
ity of the interface between the CFRP and the substrate [4-31-33|.For flexural
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strengthening, CFRP sheets are normally placed on the tension face of the struc-
tural member. After cracking, tensile stresses that would otherwise be resisted
primarily by the internal reinforcement and cementitious matrix can be trans-
ferred partly to the externally bonded CFRP. This additional tensile resistance
can increase flexural capacity and delay further crack development|3-4-32|. The
strengthening mechanism is therefore based on composite action between the ex-
isting structural member, internal reinforcement, adhesive layer, and CFRP sheet.
Adequate surface preparation and bond development are essential because prema-

ture debonding can prevent the CFRP from reaching its full tensile capacity|4-31].

2.3.1 Damage in Bendable Composites and Need for Exter-
nal Strengthening

The improved ductility of bendable composites does not mean that structural dam-
age cannot occur. Excessive flexural loading can produce cracking and eventually
reduce the stiffness and load-carrying capacity of a structural member. Environ-
mental actions, repeated loading, accidental loading, and other forms of deterio-
ration can also affect structural performance [24-25|.Once significant damage has
occurred, the original material alone may not be capable of restoring the required
structural capacity. Conventional repair methods may involve removal and re-
placement of damaged material, section enlargement, or addition of conventional
strengthening components. Such methods can increase construction time, dead

load, and disruption to the existing structure.

Externally bonded CFRP provides an alternative because it can be installed di-
rectly onto the existing structural surface with relatively little increase in member

dimensions and self-weight [3-4-34].

For a damaged bendable composite slab, CFRP can provide an additional ten-
sile load path after cracking. This is particularly relevant to the strength-regain
concept investigated in this thesis. Rather than replacing the damaged slab, the
CFRP system is used to supplement the remaining structural capacity and deter-

mine the extent to which the original flexural performance can be recovered.Recent
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research has also begun to examine CFRP and other FRP systems in combination
with engineered cementitious composites. For example, research on predamaged
ECC and CFRP-confined systems demonstrates increasing interest in the inter-
action between damaged cementitious composites and external fibre-reinforced

strengthening systems [61].

2.3.2 Effect of CFRP on Load Carrying Capacity and Stiff-

ness

The effectiveness of CFRP strengthening in flexural members has been demon-
strated through numerous experimental investigations. CFRP sheets can increase
the ultimate load capacity of reinforced concrete members and can modify their
load—deflection response by providing additional tensile resistance|3-32-33].The
magnitude of strengthening depends on several factors, including the amount and
orientation of CFRP, bond length, substrate condition, internal reinforcement,

anchorage, and loading configuration|3-4-31-34].

When bonded to the tension face, the CFRP sheet begins to participate signifi-
cantly after tensile cracking develops. The additional tensile resistance can reduce
the rate of crack widening and increase the load that can be sustained before
failure. The resulting load—deflection response may therefore show improved post-
cracking stiffness and increased ultimate load. The bond between CFRP and the
cementitious substrate is particularly important. The applied tensile force must
be transferred from the substrate to the CFRP through the adhesive interface.
Poor surface preparation, insufficient bond length, air voids, or inadequate curing

can lead to premature debonding and reduce strengthening efficiency [4-31].

CFRP strengthening can also alter the failure mechanism. Instead of failure being
governed solely by cracking of the cementitious substrate, the strengthened system
may experience combinations of concrete cracking, adhesive failure, interfacial
debonding, or CFRP rupture. Therefore, examination of the failure mechanism
is necessary when evaluating the effectiveness of a strengthening system.These

observations are directly relevant to the present study because the performance
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of the repaired slabs is evaluated not only by ultimate load but also through
load—deflection response, deformation, energy absorption, flexural toughness, and

observed failure behaviour. For hydrophilic fiber systems, like polyvinyl alcohol
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(PVA), strong chemical bonding between the fiber and the surrounding matrix is
often expected, and both chemical adherence and friction control the strength of

the fiber/matrix interface contact.

The link between the opening of fractures in a concrete or composite substrate
and the fiber bridging strength of a CFRP sheet is depicted in Figure 2.1. The
CFRP sheet that is externally bonded starts to prevent crack opening through a
fiber-bridging mechanism when a crack starts in the tension zone of a structural
member. Through this technique, tensile forces that would otherwise cause the
cracks to spread are carried by carbon fibers that bridge across the crack sides.

Strong adhesion between the CFRP sheet and the substrate allows the CFRP fibers
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TABLE 2.1: Composite Properties of ECC and CFRP Sheets

Property

ECC

CFRP Sheet

Density

Compressive Strength
Tensile Strength
Elastic Modulus
Ultimate Strain
Fiber Type

Fiber Orientation

2200-2400 kg/m?

30-50 MPa

4-8 MPa

18-25 GPa

2.0-3.0%

Polypropylene /PVA Fibers

Random Distribution

1.6-1.8 g/cm3

3800-4200 MPa

230-250 GPa

1.5-1.7%

High-Strength Carbon Fiber
Unidirectional

0.111-0.167 mm

Sheet Thickness —

Bonding Method - Externally Bonded Using

Epoxy Resin
Excellent (Non-Metallic)

Corrosion Resistance Moderate

Source: Adapted from Li (2019) and ACT 440.2R-17.

to efficiently transfer stresses over small crack gaps. Because of the mobilization of
fiber tensile strength, the CFRP sheet’s bridging stress grows as the crack opening
does. Controlled fracture growth and effective stress transfer are characteristics of
this stage. The fiber’s bridging strength peaks as it passes a crucial crack opening.
Depending on the bonding quality and material characteristics, a further increase
in crack width may cause a progressive decrease in bridging stress as a result of
fiber debonding, resin cracking, or fiber rupture. This response emphasizes how
crucial adequate anchoring length and surface preparation are to ensuring efficient
load transmission between the CFRP sheet and the substrate. In order to im-
prove post-cracking stiffness, regulate crack widths, and restore the load-carrying
capacity of damaged structural parts, CFRP’s fiber bridging mechanism is essen-
tial. This behavior is especially advantageous for ECC and reinforced concrete
slab rehabilitation applications, where preventing cracks from spreading is cru-
cial for long-term durability and serviceability. Selection of CFRP sheets Because
of its exceptional mechanical properties, durability, and appropriateness for use
with flexible composites, CFRP sheets were selected for this investigation. CFRP
sheets are lightweight, stiff, and have a high tensile strength because of the high-
strength carbon fibers that are integrated into a polymer matrix, typically epoxy

resin. These characteristics make CFRP sheets particularly effective at restoring
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the mechanical properties of damaged materials without noticeably altering their

flexibility or weight.

The fiber-bridging behavior shown in Figure 2.1 is directly connected to the char-
acteristics of CFRP sheets listed in Table 2.1. The fibers of CFRP can successfully
fill up cracks that form in the tension zone of concrete or ECC parts because of
their high tensile strength and elastic modulus. The unidirectional carbon fibers
transfer tensile loads across the crack faces as the break opens up, preventing addi-
tional crack widening. In reinforced members, this fiber-bridging action improves
post-cracking stiffness and slows the course of damage. Additionally, the CFRP
sheets’ superior bonding properties, which are made possible by epoxy adhesives,
guarantee effective stress transfer between the CFRP and the substrate. As seen
in Figure 2.1, this robust link enables the CFRP fibers to fully utilize their tensile
potential, increasing the bridging strength to a maximum value. Debonding or
fiber rupture may cause failure after this point, underscoring the significance of
proper anchorage length and surface preparation. Overall, CFRP sheets’ capac-
ity to limit crack opening and rebuild strength in damaged ECC and reinforced
concrete slabs can be explained by the mechanical and durability characteristics

listed in Table 2.1.

Table 2.2 presents the principal mechanical and physical attributes of Carbon
Fibre Reinforced Polymer (CFRP) sheets used for structural strengthening appli-
cations. The properties listed in the table demonstrate why CFRP has become one
of the most effective externally bonded reinforcement materials for rehabilitating
damaged concrete and composite structures. The high tensile strength of CFRP,
ranging from 3800 to 4200 MPa, enables it to carry substantial tensile forces that
develop in the tension zone of flexural members after concrete cracking. This
tensile capacity is significantly greater than that of conventional structural steel,
allowing CFRP sheets to effectively restore and enhance the flexural strength of
damaged slabs.The elastic modulus of 230-250 GPa indicates that CFRP possesses
high stiffness, enabling efficient stress transfer from the concrete substrate to the

reinforcement through the epoxy adhesive. Although the ultimate tensile strain
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of CFRP is relatively small (1.5-1.7%), its high tensile strength allows the ma-
terial to perform efficiently until failure. The sheet thickness of 0.111-0.167 mm
provides additional reinforcement without significantly increasing the dimensions
or self-weight of the strengthened structural member.The use of a two-part epoxy
adhesive ensures adequate bonding between the CFRP sheet and the concrete sur-
face, while the resin tensile strength of 60-75 MPa and glass transition temperature
of 60—80°C provide sufficient mechanical performance under normal service condi-
tions. Furthermore, the excellent corrosion resistance, negligible water absorption,
and wide operating temperature range contribute to the long-term durability of
CFRP strengthening systems, particularly in aggressive environmental conditions

where conventional steel reinforcement may deteriorate.

Overall, the properties summarized in Table 2.2 highlight the superior mechanical
performance, lightweight nature, and environmental durability of CFRP sheets.
These characteristics make CFRP an ideal strengthening material for the reha-
bilitation of damaged bendable composite slabs, where improved load-carrying
capacity, enhanced crack control, and extended service life are required. The com-
bination of high tensile strength, excellent bond characteristics, and resistance to
corrosion enables CEFRP sheets to provide an efficient and sustainable solution for
modern structural rehabilitation. The enhancements in structural performance at-
tained by applying Carbon Fibre Reinforced Polymer (CFRP) sheets on concrete
or ECC examples are compiled in Table 2.3. Comparing CFRP-strengthened spec-
imens to unstrengthened ones, the results show a considerable increase in flexural
strong and ultimate load-carrying capacity. The main reason for this improvement
is CFRP sheets’ high tensile strength and stiffness, which enable them to success-
fully withstand tensile pressures in the tension zone following substrate material

cracking.

The effectiveness of CFRP in limiting crack propagation is demonstrated by the
decrease in crack width seen in specimens reinforced with CFRP. CFRP sheets
increase post-cracking stiffness and slow fracture widening by bridging cracks and
distributing tensile stresses across crack faces. Furthermore, the rise in the ductil-

ity index and final deflection indicates that CFRP strengthening improves energy
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TABLE 2.2: Attributes of CFRP Sheets

Property Symbol /Unit Typical Value or Description
Fiber Type - High-Strength Carbon Fiber
Fiber Orientation - Unidirectional

Density p (g/cm?3) 1.6-1.8

Tensile Strength fi (MPa) 3800-4200

Elastic Modulus E (GPa) 230-250

Ultimate Strain eu (%) 1.5-1.7

Sheet Thickness t (mm) 0.111-0.167

Resin Type - Two-Part Epoxy Adhesive
Tensile Strength of fr (MPa) 60-75

Resin

Glass Transition T, (°C) 60-80

Temperature

Bonding Method - Externally Bonded with Epoxy Resin
Corrosion Resistance - Excellent (Non-Metallic)

Water Absorption - < 0.5%

Operating Temperature - —20°C to +80°C

Range

Source: Adapted from Li (2019) and ACI 440.2R-17.

absorption, deformation capacity, and strength, all of which contribute to improved
structural performance. Additionally, Table 2.3 indicates that CFRP-strengthened
specimens generally achieve a high load recovery ratio, typically ranging from 80%
to 90%, along with improved durability. Unlike the abrupt cracking commonly ob-
served in unstrengthened concrete elements, CFRP-strengthened specimens gen-
erally exhibit failure mechanisms such as CFRP debonding and fibre rupture, indi-
cating a modification in the overall failure process. These findings demonstrate the
potential of CFRP sheets as an effective external strengthening material for repair-
ing damaged structural components and enhancing their structural performance
and serviceability. The CFRP sheets also provide additional tensile resistance
across cracked regions, helping to control crack propagation and maintain load-

carrying capacity after damage. The effectiveness of strengthening depends on
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TABLE 2.3: Summary of Previous Studies on CFRP Strengthening

Study Specimen Strength Key Observation
Type Increase
(%)
Teng et al. RC Beams 20-40 Significant improvement in flexu-
(2002) ral capacity.
Buyukozturk RC Members 15-35 Improved crack control and bond
(2004) performance.
Seracino (2007)  Slab 25-45 Enhanced stiffness and delayed
Elements structural failure.
Wang et al. RC Slabs 30-50 Increased load-carrying capacity
(2020) under flexure.
Hassan et al. Pre-cracked 35-60 Effective restoration of strength
(2022) Beams after damage.
Saeed et al. Slab 40-65 Improved energy absorption and
(2023) Specimens ductility.
Alam (2024) Strengthened 30-55 Enhanced ductility and long-term
RC Systems durability.

Source: Compiled from Teng et al. (2002), Buyukozturk (2004), Seracino (2007), Wang et al.
(2020), Hassan et al. (2022), Saeed et al. (2023), and Alam (2024).

proper surface preparation, adequate epoxy bonding, and sufficient curing of the
CFRP system. Properly bonded CFRP can improve the stiffness and deforma-
tion capacity of damaged members under subsequent loading. Therefore, CFRP
strengthening can contribute to the restoration of structural performance while

reducing the need for complete replacement of damaged components.

2.3.3 CFRP Used in Different Studies

CFRP strengthening has been extensively investigated for reinforced concrete
beams, slabs, columns, and other structural members. Chen and Teng [31] in-
vestigated FRP strengthening of reinforced concrete members and demonstrated
the importance of bond behaviour in the development of strengthening capac-
ity. Esfahani et al. [32] investigated the flexural behaviour of reinforced con-

crete beams strengthened with CFRP sheets and reported improvements in flex-

ural performance.Nanni [33] and Hollaway and Teng [34] have documented the
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broader application of FRP systems for structural strengthening and rehabilita-
tion. These studies establish the technical basis for using externally bonded CFRP
as a strengthening system.More recent research has expanded the use of ECC and
FRP systems. Studies and reviews have investigated ECC strengthening, FRP-
reinforced cementitious composites, and the behaviour of damaged composite sys-
tems|24-35-54-61]. These developments demonstrate that the interaction between
advanced cementitious materials and external fibre-reinforced polymer systems is

becoming an increasingly relevant area of structural rehabilitation research.

However, most of the established CFRP literature concerns conventional reinforced
concrete members or the strengthening of undamaged or deficient structural mem-
bers. Comparatively less attention has been given to controlled damage followed
by CFRP strengthening of bendable composite slabs, particularly when the prin-
cipal objective is to quantify the regain in flexural capacity. In particular, lim-
ited experimental evidence is available on the behaviour of previously damaged
BC slabs after the application of externally bonded CFRP sheets. The influence
of different internal steel reinforcement ratios on the extent of strength recovery
also requires further investigation. A systematic comparison between the original,
damaged, and CFRP-strengthened responses can provide a clearer understanding
of the rehabilitation mechanism. Therefore, this study addresses this gap by ex-
perimentally evaluating the flexural performance and strength regain of damaged

BC slabs strengthened with CFRP sheets.

The study further considers changes in deformation capacity and energy absorp-
tion to provide a broader assessment of the post-rehabilitation response. The
experimental comparison also helps identify how variations in steel reinforcement
content affect the effectiveness of CFRP strengthening. In addition, the observed
failure behaviour is examined to understand the response of the strengthened slabs

under flexural loading.
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2.4 Application of CFRP sheets in Structural El-

ements

CFRP strengthening is used in a variety of structural rehabilitation applications.
The basic strengthening concept remains the same: the CFRP system is bonded
to the existing structural member so that the carbon fibres provide additional
resistance in the direction of the principal stress.The application selected for a
particular member depends on the dominant structural demand. For flexural
members such as beams and slabs, CFRP is commonly placed along the tension
face. For columns, wrapping can be used to provide confinement. In repair ap-
plications, the CFRP configuration must also account for the location and extent
of existing damage|3-4-34].Although CFRP has been used in buildings, bridges,
and other infrastructure, the present study focuses specifically on the flexural
rehabilitation of damaged bendable composite slabs. The following applications
are therefore included only to establish the broader relevance of CFRP rehabil-
itation. CFRP systems are widely used in building structures to enhance the
load-carrying capacity of beams, slabs, columns, and other structural members.
In bridge decks, CFRP sheets can help address cracking and deterioration associ-
ated with repeated traffic and dynamic loading, thereby contributing to the exten-
sion of service life. CFRP reinforcement can also improve the resistance of walls,
chimneys, and other structural elements to lateral loads such as wind and seis-
mic actions. CFRP sheets are further used for repairing damaged or deteriorated
structural components, allowing their strength and functionality to be restored
without complete replacement. Because of their adaptability, CFRP sheets can be
applied to curved or irregular surfaces, increasing their suitability for architectural
and heritage restoration. These applications demonstrate the versatility of CFRP
as a strengthening and rehabilitation material in modern structural engineering.
In the context of the present study, this broader application background supports
the investigation of CFRP as a rehabilitation technique for damaged BC slabs.
The experimental assessment provides specific evidence regarding its effectiveness

under flexural loading after controlled damage. The findings may also contribute
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TABLE 2.4: Comparison of CFRP and Steel Strengthening Systems

Parameter CFRP Sheets Steel Plates
Density 1.6-1.8 g/cm? 7.85 g/cm?

Tensile Strength 3800-4200 MPa 400-600 MPa
Elastic Modulus 230-250 GPa 200 GPa
Corrosion Resistance Excellent Prone to Corrosion

Weight Addition
Ease of Installation

Maintenance
Requirement

Durability

Cost

Long-Term
Performance

(Non-Metallic)
Very Low
Easy and Flexible

Minimal

High Durability

Higher Material
Cost

Stable Under
Environmental
Exposure

High
Requires Heavy Equipment

Regular Maintenance Required

Moderate Durability

Lower Material Cost

Susceptible to Rust and Moisture

Source: Compiled from ACI 440.2R-17, ACI 318-19, and the manufacturer’s technical datasheets.

to the development of practical strengthening approaches for similar cementitious

composite slab systems.

2.4.1 Building Infrastructure

CFRP systems have been applied to reinforced concrete beams, slabs, columns,
walls, and other structural components in buildings. In flexural applications,
CFRP sheets can be bonded to the tension face of beams and slabs to increase their
flexural resistance. In columns, wrapping configurations can provide confinement
and improve deformation capacity [3-4-34].For slab systems, CFRP strengthening

can be useful where an existing member has experienced cracking, deterioration,

or an increase in imposed loading. Since the CFRP layer is thin and lightweight,
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strengthening can generally be achieved without the substantial geometric changes
associated with conventional section enlargement.This characteristic is particularly
relevant to rehabilitation because maintaining the existing dimensions and reduc-
ing construction disruption can be important practical considerations. For the
present study, the building-related application most relevant is the rehabilitation
of flexure-damaged slab members. The experimental work therefore concentrates
on the tension-face application of CFRP rather than column confinement or shear
strengthening. This approach allows the strengthening material to work directly in
the region subjected to tensile stresses during flexural loading. It also provides an
efficient means of improving the structural response while preserving the original
configuration of the slab.Additionally, the technique can be applied with relatively
limited changes to the existing structural system. The externally bonded CFRP
layer can provide additional tensile resistance and help control the development of
flexural cracks. This may improve the serviceability and load-carrying performance
of damaged slabs after rehabilitation. Therefore, the selected strengthening con-
figuration is consistent with the objective of evaluating flexural strength recovery

in damaged BC slab specimens.

2.4.2 Transportation Infrastructure

CFRP has also been investigated for the rehabilitation of transportation infras-
tructure, particularly bridge decks, beams, girders, and other components exposed
to repeated traffic loading and environmental deterioration [14-34|. Bridge and
transportation structures can experience progressive deterioration due to repeated
loading, cracking, corrosion of conventional reinforcement, and environmental ex-
posure. CFRP strengthening can provide additional tensile capacity while mini-

mizing additional structural weight.

Its externally bonded application can also reduce the need for extensive modifi-
cation of existing structural components during rehabilitation. The effectiveness
of CFRP systems depends on adequate surface preparation, proper bonding, and

appropriate detailing at critical regions. These factors are particularly important
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when strengthening previously damaged structural members, where the existing

substrate may contain cracks or localized deterioration.

The relevance of such applications to the present research is primarily associated
with rehabilitation. A damaged structural member does not necessarily need to be
completely replaced if sufficient residual capacity remains and an effective strength-
ening system can restore the required performance. This rehabilitation approach
can reduce material consumption, construction time, and disruption compared
with complete replacement. It also provides an opportunity to evaluate the extent
to which the original structural capacity can be recovered after damage. Therefore,
the principles of CFRP-based rehabilitation provide a useful basis for investigating
strength regain in the damaged BC slabs considered in this study.

However, the present research does not experimentally investigate bridge struc-
tures, traffic loading, or environmental durability. Such applications are therefore
discussed only to establish the broader structural relevance of CFRP rehabilita-
tion. The discussion provides contextual support for the potential use of CFRP
in structural repair beyond the laboratory-scale slab specimens considered in this
study. It also helps distinguish the experimentally investigated parameters from

applications that require separate field-based assessment.

2.4.3 Other Infrastructure Applications

FRP systems have also been considered for rehabilitation of infrastructure ex-
posed to aggressive environmental conditions. Their corrosion resistance makes
them attractive where conventional metallic strengthening may be vulnerable to
deterioration[4-33-34]. ECC and other strain-hardening cementitious composites
have similarly been investigated for infrastructure rehabilitation because of their

crack-control and durability characteristics [9-24-25].

Recent research has increasingly considered combinations of ECC/SHCC with
FRP systems, demonstrating the potential for hybrid rehabilitation approaches
[35-43-61]. The importance of these developments to the present study is that
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both the substrate material and the external strengthening material contribute to

structural performance.

The bendable composite provides a comparatively ductile cementitious substrate,
while the CFRP provides high tensile resistance after strengthening. This combi-
nation can improve the ability of the rehabilitated slab to sustain flexural loads
after damage. The interaction between the cementitious substrate and CFRP layer
is therefore an important consideration in assessing strength recovery. The effec-
tiveness of this strengthening system depends on adequate stress transfer through
the adhesive interface. These considerations provide a basis for evaluating the
post-damage flexural response of CFRP-strengthened BC slabs in the present in-
vestigation.The combined system may also contribute to improved crack-bridging
and stress redistribution within the damaged slab. The presence of the CFRP
sheet can provide additional tensile resistance across critical cracked regions. At
the same time, the ECC matrix can limit crack widths and distribute deforma-
tion over multiple cracks rather than allowing a single crack to dominate the
response. This complementary behaviour is particularly relevant when assessing
the performance of a slab after pre-cracking and subsequent strengthening. The
bond between the CFRP sheet and the substrate is another important factor be-
cause inadequate adhesion can limit the transfer of tensile stresses. Proper surface
preparation and epoxy application are therefore essential for achieving effective
composite action. The strengthening configuration adopted in this study was se-
lected to examine these mechanisms under flexural loading. Particular attention
was given to the changes in peak load, deformation, energy absorption, and flexural
toughness after CFRP application. The comparison between damaged unwrapped
and CFRP-strengthened specimens provides an experimental basis for evaluating
the extent of strength recovery. Such evaluation can help clarify the practical po-
tential of externally bonded CFRP sheets for rehabilitation of damaged bendable

composite slabs.
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2.5 Summary

The literature reviewed in this chapter establishes the technical background re-
quired for evaluating CFRP rehabilitation of damaged bendable composite slabs.
Conventional concrete has high compressive strength but limited tensile deforma-
tion capacity and relatively brittle post-cracking behaviour. Bendable cementi-
tious composites address some of these limitations through controlled cracking,
improved tensile deformation, and enhanced energy absorption|[1-5-21],.The liter-
ature also demonstrates that crack control and distributed deformation are im-
portant characteristics for improving the serviceability and durability of cementi-
tious structural systems. Nevertheless, bendable composites can still experience
significant structural damage under excessive or repeated loading and may conse-
quently require rehabilitation. CFRP sheets provide an effective external strength-
ening mechanism because of their high tensile strength, stiffness, low density, and
corrosion resistance[4-3-33-34]. When bonded to the tension face of a damaged
flexural member, CFRP can provide an additional tensile load path and modify
the post-cracking behaviour. The effectiveness of this system depends strongly
on bond quality, surface preparation, anchorage, and the interaction between the

CFRP and cementitious substrate [4-31].

Previous studies have established CFRP strengthening for conventional reinforced
concrete members and have increasingly investigated the combination of FRP
systems with ECC/SHCC materials. However, the specific issue of strength re-
gain in controlled-damaged bendable composite slabs strengthened with exter-
nally bonded CFRP sheets remains comparatively less investigated.Accordingly,
the present research addresses this gap by experimentally investigating damaged
bendable composite slabs containing 1.0%, 1.5%, and 2.0% steel reinforcement,
followed by CFRP strengthening and retesting. The resulting changes in flexural
capacity, deformation, energy absorption, toughness, and failure behaviour provide

the basis for assessing the effectiveness of CFRP rehabilitation.
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Experimental Methodology

3.1 Background

The experimental program was designed to investigate the strength regain of dam-
aged bendable composite (BC) slabs strengthened with Carbon Fibre Reinforced
Polymer (CFRP) sheets. The investigation consisted of the preparation and cast-
ing of the slab specimens, curing, initial flexural testing, controlled introduction of
damage, application of CFRP sheets to the damaged specimens, and subsequent
retesting. The experimental procedure was planned so that the effect of CFRP
strengthening could be evaluated by comparing the structural response of the spec-
imens before and after strengthening. Particular attention was given to the flex-
ural load capacity, deformation behaviour, energy absorption, and post-cracking

response of the specimens.

The slab specimens were prepared using the selected bendable composite mix
and internal steel reinforcement. The specimens were cast using the same basic
fabrication procedure and were subjected to controlled curing conditions before
testing. The initial flexural test was performed to establish the load—deformation
behaviour and cracking response of the specimens.After the initial testing stage,
the specimens selected for rehabilitation were subjected to controlled flexural dam-

age. The damaged specimens were then prepared for CFRP strengthening. The
38
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CFRP sheets were externally bonded to the designated surface using the speci-
fied adhesive system. After completion of the bonding and curing process, the
strengthened specimens were retested under the same flexural loading arrange-
ment. The experimental results obtained before and after CFRP strengthening
were subsequently compared to quantify the strength regain achieved through the

repair and strengthening process.

The comparison included the maximum load,flexural response, maximum deforma-
tion, energy absorption, and flexural toughness of the specimens.The experimental
methodology was maintained as consistently as possible for all specimens by con-
trolling the specimen dimensions, material quantities, reinforcement arrangement,
curing procedure, damage procedure, CFRP application, and testing conditions.
This consistency was necessary to ensure that the observed changes in structural
performance could be primarily associated with the CFRP strengthening and the

investigated reinforcement condition.

3.2 Raw Materials

The materials used in the experimental investigation were selected to prepare the
bendable composite (BC) slab specimens and to provide the required structural
reinforcement and external strengthening. The principal materials included ce-
mentitious constituents, fine aggregate, water, internal steel reinforcement, and
Carbon Fibre Reinforced Polymer (CFRP) sheets with the associated epoxy adhe-
sive. These materials were selected to ensure that the specimens could be prepared
and strengthened according to the adopted experimental procedure. The mate-
rials were handled and incorporated using consistent procedures throughout the

specimen preparation and strengthening stages.

The materials were kept consistent throughout the experimental program as far
as practicable so that variations in the measured structural response could be at-
tributed primarily to the investigated reinforcement condition and the subsequent
CFRP strengthening. Particular attention was given to maintaining consistency in

material quantities, specimen preparation, and curing conditions. This approach
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helped minimize unintended variations between the tested specimens. The same
general mixing, casting, and specimen preparation procedures were followed for all
slabs to maintain uniformity in the experimental process.The specimens were also
prepared using the same dimensions and testing configuration to ensure meaning-
ful comparison of their structural responses. In addition, the CFRP application
procedure was maintained consistently for the strengthened specimens, including
surface preparation, epoxy application, sheet placement, and curing. Such con-
trolled experimental conditions improved the reliability and comparability of the
results obtained from the different specimen configurations. The baseline BC mix
was kept constant for all investigated slab specimens. The experimental variation
was introduced through the specified steel reinforcement ratios of 1.0%, 1.5%, and

2.0%.

Therefore, the baseline mix represents the reference material condition, while the
different reinforcement ratios constitute the experimental variable. The CFRP
sheets and epoxy adhesive were subsequently used as the external strengthening
system for the damaged specimens. This controlled material arrangement provided
a consistent basis for comparing the structural response before and after CFRP

strengthening.

3.2.1 Cement

Cement was used as the primary binding material in the preparation of the bend-
able composite matrix. The cement was stored under dry conditions before mix-
ing to prevent premature hydration and deterioration of its properties. The same
cement source was used throughout the experimental program to maintain consis-

tency between the slab specimens.

3.2.2 Fine Aggregate

Fine aggregate was incorporated into the cementitious mixture as specified by the
adopted mix proportions. The aggregate was maintained in a suitable condition

before mixing to minimize variations in the moisture condition of the mixture.
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The quantity of fine aggregate was controlled according to the established mix
design.The fine aggregate was gradually added during mixing to promote uniform
distribution throughout the cementitious matrix. Careful control of its proportion

helped maintain the desired consistency and workability of the fresh mixture.

3.2.3 Water

Water was used for hydration of the cementitious constituents and preparation
of the fresh bendable composite mixture. The quantity of water was controlled
according to the adopted mix proportions. The water-to-cement ratio used in
the experimental mixture was 0.5 and was maintained constant for the specimens

unless otherwise specified in the mix-design table.

3.2.4 Steel Reinforcement

Internal steel reinforcement was provided in the slab specimens to contribute to
the structural load-carrying capacity under flexural loading.The reinforcement ar-
rangement was kept consistent with the experimental design, while the investigated

reinforcement condition was varied according to the specimen configuration.

3.2.5 Reinforcement Arrangement

The internal steel reinforcement was arranged within the slab according to the
adopted specimen detailing. The reinforcement layout includes the longitudinal
and transverse reinforcement required for the experimental slab configuration. The
transverse reinforcement is shown explicitly in the revised reinforcement-detail
figure to clarify its location and arrangement within the slab. The reinforcement
arrangement was kept consistent for the investigated specimens, while the principal

experimental variation was the specified steel reinforcement ratio.

It is important to distinguish the steel reinforcement used in the present study from
the polymeric fibres discussed in some of the literature on bendable cementitious
composites. The reinforcement used in the investigated slab specimens was con-

ventional internal steel reinforcement. Therefore, the reinforcement percentages



Ezperimental Methodology 42

reported for the specimens represent the specified steel reinforcement condition
and should not be interpreted as fibre volume fractions. The steel reinforcement
ratios of 1.0%, 1.5%, and 2.0% were selected as the principal experimental vari-
able. These three levels provide a controlled low-to-high range for examining
the influence of internal steel reinforcement on the post-cracking behaviour and
CFRP-assisted strength regain of the BC slabs, while keeping the other princi-
pal experimental parameters constant.The BC slab specimens were provided with
conventional internal steel reinforcement according to the experimental reinforce-
ment arrangement. The reinforcement was placed within the slab as specified in
the specimen design. No separate negative/top reinforcement system or additional

side reinforcement was used as an independent experimental variable.

3.3 Manufacturing of Bendable Composite Slabs

The bendable composite slab specimens were prepared in accordance with the ex-
perimental program described in this study. The fabrication procedure was kept
consistent for the different specimen groups so that the influence of the investi-
gated steel reinforcement condition and subsequent CFRP strengthening could be

evaluated reliably.

Before casting, the moulds were prepared and cleaned to ensure that the required
slab dimensions were maintained. The internal steel reinforcement was cut and
arranged according to the reinforcement details specified for each specimen. The
reinforcement was positioned within the mould at the required location and ade-
quately supported to prevent displacement during the placement and compaction
of the bendable composite mixture. The reinforcement arrangement was main-
tained according to the experimental configuration of each slab. The steel rein-
forcement used in the present study should be distinguished from discontinuous
fibres that are sometimes used as constituents of bendable cementitious compos-
ites. In this experimental program, the term steel reinforcement refers specifically
to the internal structural reinforcement provided within the slab specimens.The

specimens were then finished at the exposed surface and left under the specified
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conditions before removal from the moulds. The same casting procedure was fol-
lowed for all specimen groups to minimize variations arising from fabrication. The
nominal dimensions of each specimen and the corresponding reinforcement details
are presented in Table 3.1.The specimens were subsequently prepared for the initial
flexural loading test to establish their load-carrying and deformation behaviour.
The initial test also provided the basis for introducing the controlled damaged or
pre-cracked condition required for the subsequent CFRP strengthening procedure.
Each specimen was identified according to its respective steel reinforcement ratio
and experimental configuration. The initial flexural loading was then carried out
using the specified test arrangement, while the applied load and corresponding
displacement were recorded. The resulting response was used to characterize the
initial condition of the specimens before CFRP strengthening. Following the con-
trolled damage stage, the specimens were unloaded and inspected before being
subjected to the surface preparation and CFRP application procedure. Figure 3.1
presents the experimental procedure adopted before CFRP strengthening of the
bendable composite slabs. Initially, the slab specimens were tested under three-
point bending using a Universal Testing Machine to obtain their load—deflection

behaviour.
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FiGure 3.1: BC slab under UTM initial testing
a.Test Setup b.Load Deflection Curve c. Damage introduction



TABLE 3.1: Details of Bendable Composite Slab Specimens Used in the Experimental Program

Specimen ID  Steel Ratio (%) Dimensions (mm) Specimen Configuration Research Purpose
BC-1-1 1.0 1000 x 500 x 100 e o o o Low steel reinforcement
BC-1-2 1.0 1000 x 500 x 100 © o o o Low steel reinforcement
BC-1.5-1 1.5 1000 x 500 x 100 @ee e o4 Moderate steel reinforcement
BC-1.5-2 1.5 1000 x 500 x 100 @eee e o Moderate steel reinforcement
BC-2-1 2.0 1000 x 500 x 100 XYYYYYY High steel reinforcement
BC-2-2 2.0 1000 x 500 x 100 XYYYYYY High steel reinforcement

Note: All specimens had identical dimensions. The only experimental variable was the steel reinforcement ratio.
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The curves illustrate the relationship between the applied load and mid-span de-
flection of the unwrapped bendable composite (BC) slab specimens. In each case,
the applied load increased with increasing deflection until the corresponding peak
load was reached. The specimens with higher steel reinforcement ratios demon-
strated slightly greater load-carrying capacity and deformation capacity compared
with specimens having lower reinforcement ratios. The load—deflection response
also indicates that the internal steel reinforcement contributed to maintaining
load resistance after crack initiation and provided a more gradual post-cracking
response. These observations indicate that the variation in steel reinforcement ra-
tio influenced the flexural response and deformation behaviour of the unwrapped
BC slabs. The curves therefore provide the baseline response of the damaged
specimens before the application of CFRP strengthening. The measured load and
deflection values were subsequently used for comparison with the CFRP-wrapped
specimens to evaluate the improvement in flexural performance after strengthen-

ing.

(c) Crack Introduction: The photograph shows the controlled flexural crack devel-
oped in the BC slab after the initial loading test. The crack was intentionally in-
troduced through the initial flexural loading procedure to obtain the required dam-
aged or pre-cracked condition for the subsequent strengthening stage. The crack
development was documented before the specimens were unloaded and prepared
for CFRP application. These pre-cracked specimens were subsequently strength-
ened by bonding CFRP sheets to the tension face and retested under the same flex-
ural loading arrangement. The comparison between the initial and strengthened
responses was used to evaluate strength regain, deformation behaviour, energy

absorption, and flexural performance after CFRP strengthening.

Table 3.2 summarizes the mechanical and energy-related characteristics of the un-
wrapped bendable composite (BC) slabs tested under flexural loading. The results
demonstrate that increasing the steel reinforcement ratio generally improved the
measured structural response of the slabs. The specimen with 1.0% steel rein-
forcement exhibited the lowest energy absorption capacity, whereas the specimens

with 1.5% and 2.0% steel reinforcement showed higher values of E1, E2, and total
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absorbed energy. The increase in E2 indicates a greater capacity to absorb energy

after crack initiation and reflects improved post-cracking resistance.

Consequently, the FTT values also showed a modest increase, indicating an im-
provement in the ability of the slabs to sustain deformation after cracking. The
observed cracking behaviour further supports the progressive response of the BC
specimens. Rather than exhibiting an immediate loss of load-carrying capacity
after crack initiation, the specimens maintained resistance with continued defor-
mation. The internal steel reinforcement contributed to maintaining load resis-
tance after crack initiation and helped control the development of localized flexural
cracks. Among the tested specimens, the BC slab with 2.0% steel reinforcement
demonstrated the highest total energy absorption, while the 1.0% reinforcement
specimen showed comparatively lower energy absorption and post-cracking resis-
tance. The results also indicate that the unwrapped specimens retained measur-
able load-carrying capacity after crack initiation. The gradual increase in deflec-
tion with increasing reinforcement ratio suggests improved deformation capacity
under flexural loading. These baseline results provide a consistent reference for
quantifying the strength regain and performance enhancement achieved through

subsequent CFRP strengthening.

The peak load increased with the increase in steel reinforcement ratio, from 20.10
kN for BC-1U to 21.80 kN for BC-1.5U and 22.20 kN for BC-2U. Similarly, the
flexural stress increased from 5.43 MPa to 5.89 MPa and 5.99 MPa, respectively.
The measured deflection at peak load also increased from 2.20 mm for BC-1U to
2.70 mm for BC-1.5U and 3.10 mm for BC-2U, indicating greater deformation
capacity with increasing reinforcement ratio. The total absorbed energy increased
from 31.60 N-m for BC-1U to 39.10 N-m for BC-1.5U and 50.96 N-m for BC-2U.
The FTI values were 1.14, 1.16, and 1.16, respectively, showing a modest im-
provement in post-cracking energy absorption. These results establish the initial
flexural and energy-absorption characteristics of the unwrapped specimens and
provide the reference condition for assessing the effectiveness of CFRP strength-
ening. The observed increase in peak load demonstrates the contribution of the

higher reinforcement ratio to the flexural resistance of the BC slabs.



TABLE 3.2: Mechanical Properties, Fracture Parameters, and Failure Mechanisms of Unwrapped BC Slabs (Mean + Standard Deviation)

Peak Load Flexural Deflection F FEs FE

S.No. Specimen (kN) Stress (MPa) (mm) (N.m) (N.m) (N.m)

FTI
(E/Er)

Failure Mechanism

1 BC-1U  20.10 £ 0.15 543 £0.04 2.20 £ 0.05 27.60 & 0.45 4.00 = 0.12 31.60 £ 0.47

2 BC-1.5U 21.80 £0.18 5.89 £0.05 2.70 £0.06 33.77 £ 0.58 5.33 £ 0.28 39.10 % 0.61

3 BC-2U 2220 £0.20 599 £0.05 3.10 £0.07 43.96 £ 0.74 7.00 £ 0.20 50.96 +£ 0.77

1.14

1.16

1.16

Multiple fine flexural cracking
with crack localization near the
mid-span.

Distributed multiple cracking
with fibre
bridging prior to localized flexu-
ral failure.

Stable multiple micro-cracking
followed by localized flexural
failure without CFRP
confinement.

Note: Values are reported as mean + standard deviation. FTI = Flexural Toughness Index.
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3.3.1 Introduction of Controlled Damage

The damage stage was an essential part of the experimental program because the
objective of the research was to investigate strength regain after damage rather
than simply the strengthening of undamaged slabs.The prepared bendable compos-
ite slabs were first subjected to flexural loading to establish their initial structural
response. Loading was continued until the predetermined damage condition was
achieved. The development of cracking and the corresponding load—deformation

response were monitored during this stage.

After the required level of damage had been introduced, the loading was stopped
and the specimens were unloaded. The damaged specimens were then examined to
identify the visible cracks and the condition of the damaged region. The damaged
specimens were subsequently prepared for CFRP strengthening.This sequence en-
sured that the CFRP was applied to specimens that had already experienced
controlled flexural damage. After strengthening and completion of the required
curing period, the specimens were retested under the same experimental loading

arrangement.

The complete experimental sequence can therefore be summarized as:

i. Preparation and casting of the bendable composite slabs;
ii. Curing of the specimens;
iii. Initial flexural testing;
iv. Controlled introduction of flexural damage;
v. Unloading and inspection of the damaged specimens;
vi. Preparation of the damaged surface;
vii. Application of CFRP sheets;
viii. Curing of the CFRP strengthening system; and

ix. Retesting of the strengthened specimens.
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3.4 Strengthening of Damaged Bendable Compos-
ite Slabs with CFRP Sheets

After the controlled flexural damage stage, the selected bendable composite slab
specimens were strengthened using externally bonded Carbon Fibre Reinforced
Polymer (CFRP) sheets. The strengthening procedure was carried out systemati-
cally to obtain proper adhesion between the CFRP sheet and the prepared surface
of the damaged slab.The strengthening process consisted of surface preparation,
cleaning,application of epoxy adhesive, placement of the CFRP sheet, removal of
entrapped air and excess adhesive, and curing of the bonded system. The same ba-
sic procedure was followed for the strengthened specimens to maintain consistency

during the experimental investigation.

TABLE 3.3: Adhesive Parameters for the CFRP Strengthening System

S.No. Property Value / Unit
1 Type of Adhesive Two-component
epoxy resin
2 Tensile Strength 25-35 MPa
3 Compressive Strength 60-80 MPa
4 Elastic Modulus 3-5 GPa
5 Bond Strength to Concrete 2.0-3.5 MPa
6 Pot Life (at 25°C) 30-45 min
7 Curing Time 24-48 h
8 Density 1.1-1.3 g/cm3

Source: Values provided by the adhesive manufacturer.

3.4.1 Surface Preparation

Before applying the CFRP sheets, the surface of each damaged slab was carefully
prepared to ensure a clean, smooth, and suitable bonding surface. Loose parti-
cles, dust, laitance, and other contaminants were removed from the strengthening
area. The damaged surface was then visually inspected to identify visible cracks,
uneven regions, and other surface irregularities. Where required, mechanical sur-

face preparation was carried out to improve the contact and bond between the
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TABLE 3.4: Composition and Properties of Carbon Fibre Reinforced Polymer

(CFRP)

Property Symbol / Unit Typical Value /
Description

Fiber Type - High-Strength Car-
bon Fiber

Fiber Orientation - Unidirectional

Density p (g/cm3) 1.6-1.8

Tensile Strength ft (MPa) 38004200

Elastic Modulus E (GPa) 230-250

Ultimate Strain eu (%) 1.5-1.7

Sheet Thickness t (mm) 0.111-0.167

Resin Type - Two-Component
Epoxy Adhesive

Tensile Strength of fr (MPa) 60-75

Resin

Glass Transition Ty (°C) 60-80

Temperature

Bonding Method - Externally Bonded
Using Epoxy Resin

Water Absorption - < 0.5%

Corrosion Resistance - Excellent (Non-
Metallic)

Operating Temperature - —20°C to +80°C

Range

Source: Values provided by the CFRP manufacturer.

cementitious substrate and the epoxy adhesive. After mechanical preparation,
the surface was thoroughly cleaned to remove any remaining dust or debris. The
prepared surface was then allowed to reach the appropriate condition before the
epoxy adhesive was applied and the CFRP sheet was installed. Particular atten-
tion was given to ensuring that the bonding surface was free from moisture, loose
material, and other substances that could adversely affect adhesion. A properly
prepared substrate was considered essential for achieving effective stress transfer
between the damaged slab and the externally bonded CFRP sheet. The prepared
surface was also checked for local depressions or projections that could interfere

with the uniform placement of the CFRP sheet. Any minor surface defects within
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the strengthening zone were corrected where necessary before adhesive applica-
tion. This preparation procedure helped ensure continuous contact between the
CFRP sheet and the slab surface and promoted reliable transfer of stresses during

subsequent flexural loading.

3.4.2 Depiction of CFRP Sheets and Their Cut Lengths

The robust, thin fabric sheets known as Carbon Fibre Reinforced Polymer (CERP)
are made from carbon fibers. Because these fibers are only oriented in one way,
they can withstand extremely high pulling pressures. When CFRP sheets are
attached to the bottom of concrete or ECC slabs, they assist the slabs become
stronger once cracks appear.Before being affixed to the slab, the CFRP sheets are
carefully cut to the correct dimensions. The length of the sheet is chosen to extend

slightly on both sides and cover the cracked area.

TABLE 3.5: Details of CFRP-Wrapped Bendable Composite (BC) Slab Speci-
mens and Strengthening Configuration

Specimen ID Steel CFRP Zone L %% t Layers
Ratio (%) (mm) (mm) (mm)
BC-1W 1.0 Yes  Bottom 1000 500 0.111 1
BC-1W-1 1.0 Yes Bottom 1000 500 0.111 1
BC-1.5W 1.5 Yes  Bottom 1000 500 0.111 1
BC-1.5W-1 1.5 Yes  Bottom 1000 500 0.111 1
BC-2W 2.0 Yes  Bottom 1000 500 0.111 1
BC-2W-1 2.0 Yes  Bottom 1000 500 0.111 1

Note: CFRP sheets were externally bonded to the bottom (tension) face of the
BC slabs. All specimens were strengthened using a single CFRP layer.

3.4.3 Wrapping of Specimens

In order to successfully restore the mechanical properties of the composite, the

wrapping process for recovering damaged specimens with Carbon Fiber Reinforced
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FIGURE 3.2: CFRP sheets

Polymer (CFRP) sheets entails a number of painstakingly carried out steps. Sur-
face preparation is the first step in the procedure to ensure that the damaged
composite and the CFRP sheet adhere well to one another. The damaged area is
first thoroughly cleaned to remove any loose particles, dirt, or debris that could
impede the bonding process. The surface is next lightly sanded or ground to create
a rough surface that enhances the mechanical interlocking of the glue. To create
a perfect bonding surface, any remaining impurities are next removed by washing
the surface with a solvent. It is mixed in accordance with the manufacturer’s in-
structions and is selected for its robust bonding qualities and compatibility with
CFRP sheets. Using a trowel or brush, the prepared surface is then uniformly
filled with glue, making sure to cover the whole area that needs to be wrapped.
Gaps, uneven thickness, and excessive glue are avoided since they may generate

weak areas in the binding.

Carefully placed on top of the adhesive is the CFRP sheet, which has been pre-cut
to fit the measurements of the damaged region. The CFRP sheet’s fiber orientation
is intentionally orientated to manage particular stress conditions in the composite,

depending on the structural needs.

The application of CFRP sheets was carried out carefully to ensure proper align-
ment and adequate contact with the prepared surface. Depending on the mechani-
cal performance requirements of the repair, multiple layers of CFRP sheets may be
applied, with each layer properly aligned, pressed, and bonded before proceeding

to the next layer. The CFRP sheets were also positioned according to the specimen
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Step-by-Step Strengthening of Damaged Slab with CFRP Sheet

o Surface Preparation (Smoothing) o Cracked Slab Specimen e Application of Epoxy Primer/Adhesive

T —— W g - i v %
The surface of the damaged slab is cleaned and Pre-cracked slab specimen before repair/strengthening. Epoxy primer/adhesive is applied on the surface

smoothed to ensure proper bonding. to ensure good bond with the CFRP sheet.

0 Application of Epoxy Resin e Placement of CFRP Sheet G Completed CFRP Strengthened Specimen

CFRP sheet is placed on the wet epoxy and rolled Final CFRP-strengthened slab specimen

EFesrvsiianehederenvionthepinaedunice to remove air voids and ensure proper adhesion. after proper application and curing.

FIGURE 3.3: step by step strengthening of BC slab

geometry, particularly where curved or irregular surfaces required careful handling
to achieve effective coverage. Proper placement of the sheets helped ensure effi-
cient transfer of stresses between the CFRP and the composite material. The
curing process determines the maximum strength of the bond between the CFRP
sheet and the composite material. The wrapped specimens were therefore left to
cure under controlled conditions in accordance with the recommendations for the
adhesive system. Adequate curing allowed the adhesive to develop sufficient bond-
ing strength and durability before mechanical testing. After curing, the repaired
specimens were carefully inspected to identify possible defects such as delamina-
tion, air pockets, wrinkles, or uneven bonding. Any visible defects were addressed

where necessary to ensure the quality and continuity of the strengthening system.

Finally, the repaired specimens were mechanically tested to evaluate the extent
to which their load-carrying capacity, deformation response, and overall flexural
performance were restored. The comparison between the damaged and CFRP-
strengthened specimens provided a basis for assessing the effectiveness of the
repair technique. This procedure ensured that the CFRP sheets were securely

bonded and capable of contributing to the structural response of the damaged
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bendable composite specimens. The retesting results were also used to quantify
the changes in peak load, flexural stress, deformation, and energy absorption fol-
lowing strengthening. These measurements enabled a direct assessment of the

strength regain achieved through the application of CFRP sheets.

3.5 Test Setup for Strength Regain Measurement

The flexural performance of the bendable composite slab specimens was evalu-
ated using the laboratory loading frame. The same basic testing arrangement was
maintained during the initial testing and the subsequent testing of the CFRP-
strengthened specimens so that the changes in structural response could be com-
pared.The slab specimen was positioned on the supports of the loading frame
and the load was applied at the designated loading location. The applied load
and corresponding mid-span deformation were recorded throughout the test. The
test was continued until the specimen reached its ultimate load and the subse-
quent failure behaviour could be observed.The testing arrangement was selected
to evaluate the flexural response of the slab under controlled loading. Particular
attention was given to the maximum load, deformation at the maximum load, and

the load—deformation relationship obtained during the test.

3.5.1 Flexural Loading Arrangement

The slab specimens were tested under the flexural loading arrangement shown in
Figure 3.4. The support and loading configuration was kept consistent for the
specimens tested before and after CFRP strengthening. The specimen was placed
symmetrically on the supports, and the load was applied at the specified loading
point. The loading arrangement was selected to produce flexural action in the
central region of the slab. The applied load was increased progressively while the
corresponding deformation was monitored. The load—deformation response was
recorded until the specimen reached its maximum load and the subsequent failure

response was observed. The same testing procedure was followed for both the
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==

UTM TESTING
MACHINE

FiGure 3.4: BC slab under UTM initial testing
Test Setup

initially tested and CFRP-strengthened specimens to ensure meaningful compar-
ison of their structural responses. The maximum applied load and corresponding
deformation were noted for each specimen during the test. The recorded experi-
mental data were subsequently used to evaluate the flexural strength, deformation

behaviour, and strength regain achieved through CFRP strengthening.

3.5.2 Load Measurement

The applied load was measured using the calibrated load-measuring system as-

sociated with the laboratory loading frame. The load was recorded continuously
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during the test to obtain the complete load—deformation response of each speci-
men. The maximum recorded load was taken as the peak load of the specimen. The
peak load obtained from the initial test was used as the reference for evaluating
the subsequent response of the CFRP-strengthened specimen. The same loading
system and testing procedure were used for the relevant specimens to minimize
experimental variations between the initial and post-strengthening tests.The load
response was monitored throughout the test to identify the initiation of crack-
ing and subsequent changes in the flexural behaviour. The recorded peak-load
values were used for comparison among specimens with different reinforcement
ratios. This approach provided a consistent basis for assessing the changes in

load-carrying capacity after CFRP strengthening

3.5.3 Measurement of Mid-Span Deflection Using LVDT

The vertical deformation of the slab was measured at the mid-span using a Linear
Variable Differential Transformer (LVDT). An LVDT is an electromechanical dis-
placement transducer used to measure linear movement with high sensitivity.The
LVDT was positioned at the mid-span region of the specimen so that the vertical
displacement produced by the applied flexural load could be recorded. The mea-
sured displacement was recorded together with the corresponding applied load.The
resulting load—deflection data were used to develop the load—deformation curves for
the tested specimens. These curves were subsequently used to determine the peak
load, maximum deformation, and energy-related parameters required for evalua-

tion of the strength-regain behaviour.

3.6 Parameters to be Explored

The experimental investigation was conducted to evaluate the structural response
of bendable composite slabs before and after CFRP strengthening. The parame-
ters selected for evaluation were based on the load—deformation response obtained

during flexural testing.The principal parameters considered in the experimental
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investigation were peak load, flexural strength, maximum deformation, energy
absorption, and Flexural Toughness Index (FTI). These parameters were used to

quantify the change in structural performance resulting from CFRP strengthening.

3.6.1 Peak Load

The peak load was defined as the maximum load sustained by a specimen during
the flexural test. The peak load obtained from the load—deformation curve was
used to compare the load-carrying capacity of the specimens before and after
CFRP strengthening. For each specimen, the corresponding deformation at peak
load was also recorded to assess its flexural deformation behaviour. The peak load
values provided a direct measure of the change in structural capacity resulting

from CFRP strengthening.

3.6.2 Flexural Strength

Flexural strength was determined from the measured peak load and the geomet-
rical and loading parameters of the tested slab specimens. The calculated flexural
strength was used to evaluate the change in flexural capacity associated with CFRP

strengthening.

3.6.3 Maximum Deformation

Maximum deformation represents the largest recorded vertical displacement of the
specimen during the flexural test. The deformation response was obtained using
the displacement measurement system positioned at the mid-span. Comparison
of deformation before and after strengthening was used to assess the change in

deformation capacity of the slabs.

3.6.4 Energy Absorption

Energy absorption was evaluated from the area under the experimental load—

deformation curve. The area was calculated over the specified portions of the curve
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and was used to quantify the energy-related response of the specimens.The energy
parameters were subsequently used in the calculation of the Flexural Toughness

Index.

3.6.5 Flexural Toughness Index

The Flexural Toughness Index (FTT) was used to evaluate the relationship between
the total energy absorbed by the specimen and the corresponding reference energy

obtained from the load—deformation response.

The FTT was calculated using;:

E
FTl = — 3.1
3 (3.1)

where:

e F = total energy represented by specified area under the load—deformation

curve; and

e [/ = reference energy corresponding to the initial specified portion of the

load—deformation curve.

The calculated FTI values were compared among the investigated specimens to as-
sess the effect of CFRP strengthening on the post-cracking and energy absorption

behaviour of the bendable composite slabs.

3.6.5.1 Strength Regain

The principal objective of the experimental investigation was to quantify the
strength regained after CFRP strengthening. The strength regain was evaluated
by comparing the peak load of the strengthened specimen with the corresponding

reference condition.

The percentage strength regain was calculated as:
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PS ren ened — Pre erence
Strength Regain (%) = —ersthened i x 100 (3.2)

P, reference

where:

® Pitrengthened — peak load of the CFRP-strengthened specimen; and

® Piference = corresponding reference peak load.

The calculated strength-regain values, together with the deformation, energy, and
FTI parameters, were used to assess the effectiveness of CFRP sheets in recovering

the flexural performance of damaged bendable composite slabs.

3.6.6 Ductility Assessment

The ductility behaviour of the BC slab specimens was assessed from the load—defle-
ction response obtained during flexural testing. Particular attention was given to
the measured displacement capacity and the post-cracking behaviour of the speci-
mens. The CFRP-wrapped specimens were compared with the corresponding un-
wrapped specimens to assess changes in deformation capacity and overall flexural
behaviour. A conventional yield displacement was not assigned because a distinct

yield point was not experimentally established for the tested BC slab specimens.

3.7 Summary

This chapter presented the experimental methodology adopted to investigate the
strength regain of damaged bendable composite (BC) slabs strengthened with
Carbon Fibre Reinforced Polymer (CFRP) sheets. It described the selection and
characterization of the constituent materials, including cement, fine aggregates,
steel reinforcement, epoxy adhesive, and CFRP sheets, along with the procedures
used for specimen casting, curing, and quality control. The chapter also detailed
the fabrication of bendable composite slabs with different steel reinforcement con-

tents and explained the methodology used to introduce controlled flexural cracks
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before rehabilitation. Furthermore, the procedures for surface preparation, CFRP
sheet application, epoxy bonding, and curing of the strengthened specimens were
explained. The subsequent flexural testing procedure was described to ensure
consistent comparison between the damaged and CFRP-strengthened slabs. The
measured parameters included peak load, flexural stress, deformation, energy ab-
sorption, and Flexural Toughness Index (FTI), which were used to evaluate the
effectiveness of the strengthening technique.The experimental program also in-
cluded the systematic comparison of unwrapped and CFRP-wrapped specimens
under the same flexural loading conditions. The collected results provided a basis

for determining the extent of strength recovery after rehabilitation.



Chapter 4

Experimental Testing Outcomes

4.1 Background

This chapter presents the experimental testing outcomes obtained from the dam-
aged bendable composite (BC) slab specimens before and after strengthening with
externally bonded carbon fibre reinforced polymer (CFRP) sheets. The purpose of
the experimental investigation was to evaluate the extent to which CFRP strength-
ening could restore the flexural performance of the damaged specimens. The as-
sessment was based on the measured structural response under flexural loading and
focused on the parameters selected in Chapter 3.The experimental results are eval-
uated using the load—deformation response, peak load, flexural stress, deformation
at peak load, energy absorption, and Flexural Toughness Index (FTI). These pa-
rameters provide a quantitative basis for comparing the behaviour of the damaged
unwrapped specimens with that of the corresponding CFRP-wrapped specimens.
The comparison was carried out for the investigated steel reinforcement conditions
so that the influence of CFRP strengthening could be examined consistently.The
load—deformation response provides an important indication of the behaviour of
the specimens throughout the loading process. The initial portion of the curve rep-
resents the response before significant cracking, while subsequent changes in the
slope reflect the development of cracks and changes in stiffness. The maximum

point of the curve represents the peak load sustained by the specimen, whereas

61
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the deformation corresponding to the maximum load provides an indication of
its deformation capacity. For the strengthened specimens, the load—deformation
curves were therefore used to assess changes in load-carrying capacity and post-
cracking behaviour resulting from the application of CFRP sheets.The flexural
strength results are used to quantify the improvement in load-carrying capacity
after strengthening. The peak loads obtained from the experimental tests are
compared with the corresponding values of the damaged unwrapped specimens.
Similarly, flexural stress values are compared to determine the change in flexural
performance associated with CFRP strengthening. The percentage strength re-
gain is subsequently used to express the improvement in structural capacity in a

quantitative form.

Finally, the results obtained from the experimental investigation are compared
across the different steel reinforcement conditions. The purpose of this comparison
is not only to identify the specimen with the highest measured strength but also to
examine the variation in strength regain, deformation response, energy absorption,
and FTI. The experimental findings presented in this chapter form the basis for the
discussion of the empirical relationship and practical implementation presented in

Chapter 5.

The steel reinforcement ratio was considered the principal experimental variable
in this study. Three reinforcement ratios, namely 1.0%, 1.5%, and 2.0%, were in-
vestigated while the other principal experimental conditions were maintained con-
sistently. The measured parameters, including peak load, strength regain, flexural
stress, deformation, energy absorption, and Flexural Toughness Index (FTT), were
treated as response parameters for evaluating the influence of the reinforcement
ratio and CFRP strengthening. Therefore, the steel reinforcement ratio repre-
sents the critical experimental factor, while the remaining parameters describe
the resulting structural response.The comparison of these parameters provides a
comprehensive assessment of the influence of reinforcement ratio on the flexural
behaviour of the BC slabs. The results also allow the relative effectiveness of
CFRP strengthening to be examined for each reinforcement condition. Particular

attention is given to the changes in peak load and deformation response before and
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after CFRP strengthening. The energy absorption and FTT results further provide

an indication of the post-cracking behaviour of the strengthened specimens.

4.2 Load—Deflection Curves of Wrapped BC Slabs

The load—deformation response of slab specimens was analyzed to evaluate struc-
tural stiffness and ductility characteristics. The typical flexural behavior of Bend-
able Concrete slabs can be divided into three stages: the initial linear elastic stage,
the crack development stage, and the ultimate failure stage.For uncracked slabs,
a nearly linear response was observed until first cracking occurred, followed by
gradual stiffness reduction. In pre-cracked damaged slabs, stiffness degradation

was more pronounced due to existing cracks.

However, CFRP-strengthened slabs exhibited improved post-cracking stiffness and
delayed failure compared to damaged specimens.The strengthened slabs demon-
strated higher ultimate deflection capacity before failure, indicating improved duc-
tility. The shift in load—deformation curves toward higher load levels confirms the

effectiveness of CFRP sheets in restoring structural performance.

The load—deflection curves obtained from the experimental program clearly demon-
strate the progressive improvement in structural response with increasing steel
ratio in bendable concrete slabs. The unwrapped specimens exhibited an initial
linear elastic response up to the cracking load, followed by a gradual nonlinear
region indicating micro-crack propagation and strain hardening behavior. Among
the unwrapped specimens, the 1% steel slab showed improved peak load compared
to plain bendable concrete, while the 1.5% and 2% steel slabs demonstrated sig-
nificantly higher peak loads and enhanced deformation capacity. The 2% steel
specimen achieved the highest ultimate load among the unwrapped samples, indi-
cating that increased reinforcement ratio contributes to better stress redistribution

and crack control.

Additionally, the post-peak response of higher steel ratio slabs was more gradual,

reflecting improved ductility and energy absorption capacity. The CFRP-wrapped
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FIGURE 4.1: Load—deflection curve of CFRP-wrapped samples

specimens exhibited a notable enhancement in both peak load and deflection ca-
pacity compared to their corresponding unwrapped slabs. The strengthening effect
of externally bonded CFRP sheets resulted in delayed crack widening, increased
stiffness after cracking, and higher ultimate load levels. The wrapped 1.5% and 2%
steel specimens showed the most stable post-peak behavior, indicating improved

confinement and fracture resistance.

The area under the load—deflection curves for wrapped slabs was considerably
larger, signifying higher energy absorption and fracture toughness index (FTI)
values. Overall, the load—deflection response confirms that the combined action of
internal steel reinforcement and external CFRP wrapping significantly enhances
the strength, ductility, and structural resilience of bendable concrete slabs.The
Fracture Toughness Index (FTI) is a parameter used to evaluate the energy absorp-
tion capacity and post-cracking performance of bendable concrete slabs. Unlike
conventional concrete, which fails in a brittle manner after reaching peak stress,
bendable concrete exhibits strain-hardening and multiple cracking behavior. The

FTT helps quantify this ductility by comparing the total energy absorbed by the
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specimen to the energy absorbed up to first cracking. In stress—strain terms,
this energy corresponds to the area under the stress—strain curve. A higher FTI
value indicates improved toughness, better crack control, and enhanced resistance
to sudden failure, which are essential characteristics for structural elements sub-
jected to flexural and dynamic loading. Mathematically, the Fracture Toughness
Index is expressed as: Where F is the total fracture toughness of the specimen
up to failure and [Symbol| is the fracture toughness at first cracking. Both pa-
rameters are obtained from the stress—strain response by integrating stress over
the corresponding strain range. These values represent the material’s ability to

absorb deformation and resist crack propagation under loading.

The evaluation of strength regain in CFRP-strengthened bendable composite (BC)
slabs was performed through a systematic assessment of multiple structural per-
formance indicators. Rather than relying solely on ultimate load comparison,
this study considered a combination of mechanical response parameters to com-
prehensively understand the effectiveness of the strengthening intervention. The
parameters analyzed include cracking behavior, ultimate load capacity, stiffness
characteristics, deformation response, ductility performance, load redistribution
capability, and failure mechanisms. These parameters collectively provide a holis-

tic measure of structural recovery after damage.

4.3 Fracture Mechanism

The fracture behaviour of the CFRP-wrapped bendable composite (BC) slabs
was examined during the flexural tests to identify the progression of cracking and
the final failure condition of the strengthened specimens. The observed failure
mechanisms provide an understanding of the interaction between the existing steel
reinforcement, the bendable composite material, and the externally bonded CFRP
sheets.At the initial stage of loading, the specimens responded primarily through
flexural deformation. With increasing applied load, flexural cracks developed in
the tension region of the slabs. As the load increased further, the cracks became

more pronounced and propagated through the critical flexural zone. The presence
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of the CFRP sheet provided additional tensile resistance across the cracked region

and contributed to maintaining the load-carrying capacity after cracking.

For specimen BC-1W, flexural cracking was observed before localized separation
of the CFRP strengthening system from the substrate. The failure was therefore
associated with flexural cracking followed by CFRP debonding. In BC-1.5W, mul-
tiple flexural cracks developed before CFRP debonding occurred, indicating that
the strengthened specimen continued to sustain load after the formation of several
cracks. For BC-2W, flexural failure was accompanied by localized CFRP debond-
ing. The failure observations for the three wrapped specimens are summarized in

Table 4.1.

The observed failure mechanisms demonstrate that the CFRP sheet remained
involved in the structural response after the development of flexural cracks. How-
ever, the effectiveness of the strengthening system was also dependent on the bond
between the CFRP sheet and the prepared concrete surface. Localized debond-
ing reduced the ability of the CFRP sheet to continue contributing its full tensile

resistance and ultimately contributed to the failure of the strengthened specimens.

4.4 Strength Regain Evaluation Parameters

The effectiveness of CFRP strengthening was evaluated by comparing the experi-
mental response of the damaged unwrapped bendable composite (BC) slabs with
that of the corresponding CFRP-wrapped slabs. The assessment was based on
the principal parameters obtained from the flexural tests, including peak load,
flexural stress, deformation, energy absorption, and Flexural Toughness Index
(FTI). These parameters provide a quantitative basis for determining the extent
of strength regain achieved after CFRP strengthening.Peak load represents the
maximum load sustained by a specimen during the flexural test before failure.
Comparison of the peak load values of the unwrapped and CFRP-wrapped spec-

imens provides a direct measure of the improvement in load-carrying capacity
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These values demonstrate the contribution of the externally bonded CFRP sheet

to the flexural resistance of the damaged specimens.

Flexural stress was determined from the measured peak load and specimen geom-
etry to provide a normalized measure of flexural performance. The comparison
between unwrapped and wrapped specimens indicates that CFRP strengthening
increased the flexural stress for all investigated conditions. The flexural stress
increased from 5.43 MPa to 7.04 MPa for BC-1, from 5.89 MPa to 8.95 MPa for
BC-1.5, and from 5.99 MPa to 13.10 MPa for BC-2 after CFRP strengthening.
The results indicate that the CFRP sheet provided additional tensile resistance
in the cracked region and consequently improved the flexural load-carrying capac-
ity of the damaged slabs.The deformation corresponding to the maximum applied

load was recorded during the flexural tests.

This parameter was used to examine the deformation response of the strength-
ened specimens in comparison with the corresponding unwrapped specimens.The
CFRP-wrapped specimens exhibited different deformation responses depending
on the investigated steel reinforcement condition. These differences indicate that
CFRP strengthening affected not only the maximum load capacity but also the
manner in which the specimens responded to increasing deformation. The defor-
mation results are therefore considered together with the load—deformation curves
and failure observations rather than being used independently to define ductil-
ity.Energy absorption was determined from the area under the load—deformation
curve. It represents the amount of mechanical energy absorbed by the specimen
during the loading process up to the considered failure condition. The total energy

absorption was obtained from the relevant energy components:

E:E1+E2

where F; and FE» represent the respective areas considered in the load—deformation
response.The comparison presented in Figure 4.3 shows that CFRP wrapping sub-
stantially increased the energy absorbed by the damaged specimens. The total
energy increased from 31.60 J to 101.83 J for BC-1, from 39.10 J to 106.10 J for
BC-1.5, and from 50.96 J to 240.90 J for BC-2.These increases indicate that the
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strengthened specimens were able to sustain greater loading over the deformation
range before reaching their final failure condition. The improvement in energy
absorption is attributed to the additional tensile resistance provided by the exter-
nally bonded CFRP sheet and its contribution to the post-cracking response.The
Flexural Toughness Index (FTT) was used to evaluate the relative contribution of
the different portions of the load—deformation response to the overall toughness of

the specimens. It was calculated using:

E
FT] = —
Ey

where E is the total energy obtained from the load—deformation response and
E| is the specified initial energy component. The calculated FTI values for the
CFRP-wrapped specimens were 1.18 for BC-1W, 1.29 for BC-1.5W, and 1.22 for
BC-2W. The results indicate that the CFRP-strengthened specimens maintained a
substantial contribution from the post-cracking portion of the response. The FTI
values greater than unity indicate that the total absorbed energy exceeded the
specified initial energy component for all strengthened specimens. The BC-1.5W
specimen exhibited the highest F'TI value among the investigated CFRP-wrapped
configurations. This indicates a comparatively greater contribution of the post-
cracking response to the overall energy absorption of this specimen. The BC-1W
and BC-2W specimens also demonstrated considerable energy absorption beyond
the initial response. The variation in F'TT values suggests that the internal steel
reinforcement ratio influences the energy absorption behaviour of the strength-
ened slabs. CFRP strengthening contributed to maintaining load resistance after

cracking and improved the overall post-cracking response.

Therefore, FTT provides an additional parameter for assessing the effectiveness of
CFRP rehabilitation beyond peak load and flexural strength alone.The FTT results
also provide a basis for comparing the post-cracking behaviour of the different re-
inforcement configurations. The relatively higher FTI value of BC-1.5W indicates
a greater proportion of energy absorption in the post-cracking region compared
with BC-1W and BC-2W. This behaviour can be attributed to the combined ac-

tion of the internal steel reinforcement and the externally bonded CFRP sheet
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in resisting tensile stresses after cracking. The CFRP sheet provides additional
tensile resistance across the damaged region, while the internal reinforcement con-
tinues to contribute to the overall flexural response. The interaction between
these two strengthening components helps maintain load-carrying capacity after
the initiation of cracking. It also contributes to improved control of crack prop-
agation during subsequent loading. The post-cracking energy absorption reflects
the ability of the strengthened specimen to sustain additional deformation while
continuing to carry load. The observed FTI values therefore provide an indica-
tion of the improved toughness of the repaired specimens. The results further
suggest that the effectiveness of CFRP strengthening is influenced by the existing

reinforcement configuration within the composite.
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TABLE 4.1: Mechanical Properties, Fracture Parameters, and Failure Mechanisms of CFRP-Wrapped BC Slabs (Mean 4+ Standard

Deviation)
. Peak Load Flexural Deflection Ey B, E FTI . .
S.No. Specimen (kN) Stress (MPa) (mm) (N.m) (N.m) (N.m) (E/Ey) Failure Mechanism
1 BC-1IW  26.09 £+ 0.21 7.04 £ 0.06 6.90 £ 0.15 86.01 = 0.75 15.82 + 0.25 101.83 £ 0.79 1.18 Flexural cracking accompanied by partial

CFRP debonding.

2 BC-1.5W  33.16 £+ 0.32 8.95 4+ 0.09 514 £ 0.12  82.50 = 0.70 23.60 + 0.30 106.10 £ 0.76 1.29  Multiple flexural cracking with delayed
CFRP debonding.

3 BC-2W 48.51 £ 045 13.10 £ 0.12 833 £ 0.18 198.10 & 1.10 42.80 = 0.45 240.90 £ 1.19 1.22 Flexural failure associated with localized
CFRP debonding.

Note: Values are reported as mean + standard deviation. F'TI denotes the Flexural Toughness Index.
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4.5 Summary

This chapter presented and discussed the experimental results obtained from
the flexural testing of damaged bendable composite (BC) slabs before and af-
ter strengthening with externally bonded carbon fibre reinforced polymer (CFRP)
sheets. The behaviour of the specimens was evaluated using load—deformation
response, peak load, flexural stress, deformation, energy absorption, and Flexural
Toughness Index (FTT).The load—deformation results showed that CFRP strength-
ening improved the load-carrying response of the damaged BC slabs. The strength-
ened specimens sustained higher peak loads than the corresponding unwrapped
specimens, demonstrating the contribution of the externally bonded CFRP sheets
to the flexural resistance of the damaged slabs. The magnitude of improvement
varied with the investigated steel reinforcement condition.The comparison of flexu-
ral stress also confirmed an improvement after CFRP strengthening. The flexural
stress increased from 5.43 MPa to 7.04 MPa for BC-1, from 5.89 MPa to 8.95
MPa for BC-1.5, and from 5.99 MPa to 13.10 MPa for BC-2.CFRP strengthening
also resulted in substantially higher energy absorption. The total energy increased
from 31.60 J to 101.83 J for BC-1, from 39.10 J to 106.10 J for BC-1.5, and from
50.96 J to 240.90 J for BC-2. The FTI values of the wrapped specimens were
1.18, 1.29, and 1.22 for BC-1W, BC-1.5W, and BC-2W, respectively.The observed
failure mechanisms were primarily associated with flexural cracking followed by
localized CFRP debonding. The experimental findings demonstrate that CFRP
wrapping can improve the flexural performance and energy absorption of dam-
aged BC slabs. The results obtained in this chapter provide the experimental
basis for the development and discussion of the empirical relationship presented

in Chapter5.



Chapter 5

Discussion and Guidelines for

Practical Implementations

5.1 Background

The experimental investigation presented in Chapter 4 evaluated the flexural re-
sponse of damaged bendable composite (BC) slabs before and after strengthening
with externally bonded Carbon Fibre Reinforced Polymer (CFRP) sheets. The ex-
perimental results showed that CFRP strengthening increased the measured peak
load, flexural stress, deformation capacity, energy absorption, and post-cracking
performance of the investigated specimens. The magnitude of the improvement
varied with the steel reinforcement ratio.In addition to the experimental compar-
ison, an empirical relationship was developed to provide a simple mathematical
representation of the measured peak-load response of the CFRP-strengthened BC
slabs. The purpose of this relationship is to describe the observed trend within
the experimental range investigated in this study and to provide a preliminary es-
timation of peak load for specimens having conditions comparable to those tested

experimentally.

The empirical relationship was developed using the measured peak-load results
of the CFRP-strengthened specimens corresponding to the investigated steel re-

inforcement ratios. Because the experimental dataset is limited, the equation

74
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should be regarded as an empirical relationship for the investigated experimental
range rather than a universally validated predictive design equation. Independent
experimental validation using additional specimens and reinforcement conditions
would be required before applying the relationship to structural systems outside
the present experimental program.The chapter also discusses the practical imple-
mentation of CFRP strengthening for damaged BC slabs. Particular attention is
given to assessment of the damaged member, surface preparation, epoxy bonding,
CFRP placement, curing, inspection, and limitations on the application of the

proposed empirical relationship.

5.2 Development of Empirical Relationship

A preliminary empirical relationship was developed to describe the relationship
between the adopted steel reinforcement ratio and the measured peak load of the
CFRP-strengthened BC slabs. A second-order polynomial form was selected be-
cause the three experimental observations did not indicate a strictly linear change
in peak load with increasing steel reinforcement ratio. The purpose of this relation-
ship is to provide a preliminary mathematical representation of the experimental
trend within the investigated range rather than to establish a general design equa-

tion.

Pypred = aX? +bX + ¢ (5.1)

where:

Based on the experimental results obtained from the CFRP-strengthened BC slab
specimens, an empirical polynomial relationship was developed to represent the
variation of peak load with the investigated steel reinforcement ratio. The rela-
tionship was developed using the measured peak-load values corresponding to steel

reinforcement ratios of 1.0

The proposed second-order polynomial relationship is expressed as:
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Py pred = 16.56 X% — 27.26 X + 36.79 (5.2)

where P, ,req is the predicted peak load in kN and X represents the steel re-
inforcement ratio used in the investigated relationship. In the present study, X
takes the numerical values 1.0, 1.5, and 2.0, corresponding to the investigated steel
reinforcement ratios.The coefficients of the polynomial were obtained by fitting the
relationship to the measured peak-load data. Since only three experimental points
were available for the regression, the second-order polynomial provides an exact
mathematical representation of these three observations. Therefore, the resulting
relationship should be interpreted as a preliminary empirical representation of the
experimental trend within the investigated range rather than as an independently
validated predictive design equation.The relationship is applicable only within the
experimental range investigated in this study and should not be extrapolated to
substantially different material properties, specimen dimensions, reinforcement ra-
tios, CFRP configurations, or loading conditions without additional experimental

verification.
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FIGURE 5.1: Polynomial trendline illustrating the empirical relationship be-
tween the selected independent variable and the predicted peak load.

The predictive capability of the proposed empirical equation was evaluated by com-
paring the experimentally measured peak loads with the corresponding predicted
values. The comparison provides an assessment of the accuracy and reliability of

the developed model for estimating the flexural capacity of CFRP-strengthened
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bendable composite slabs. The comparison presented in Table 5.1 demonstrates
close agreement between the experimental and predicted peak load values for all
strengthened specimens. The experimentally measured peak loads of BC-1W ,BC-
1.5W, and BC-2W were 26.09 kN, 33.16 kN, and 48.51 kN, respectively,whereas
the corresponding empirical predictions were 25.68 kN, 32.42 kN,and 47.18 kN.
The differences between the measured and predicted values are small, indicating
that the proposed empirical relationship adequately represents the experimental
behaviour of the strengthened specimens.The calculated absolute errors varied
from 0.41 kN to 1.33 kN, while the percentage errors remained below 3% for all
specimens. Such small deviations indicate that the regression model possesses
satisfactory predictive capability within the investigated range of variables. The
minor differences between the experimental and empirical values may be attributed
to material variability, unavoidable experimental uncertainties, and the simplifying

assumptions adopted during regression analysis.

The proposed polynomial relationship can be used for preliminary estimation of
the peak load of CFRP-strengthened BC slabs within the experimental range inves-
tigated in this study. Its applicability is limited to specimens having comparable
material properties, steel reinforcement ratios, dimensions, CFRP configuration,
and loading conditions. Since the relationship was developed from the limited
experimental dataset of the present study, it should not be considered a generally
applicable design equation. Further experimental validation using independent
specimens is required before the relationship can be applied beyond the investi-

gated range.

The results presented in Table 5.1 confirm the excellent agreement between the ex-
perimental measurements and the values predicted by the proposed empirical equa-
tion. The maximum percentage error of only 2.74% indicates that the developed
model is capable of accurately predicting the peak load of CFRP-strengthened
bendable composite slabs within the investigated experimental range.The close

correlation between the measured and predicted results confirms that the proposed
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TABLE 5.1: Comparison of Experimental and Empirical Peak Load Values

Experimental Predicted Absolute

Specimen Peak Load Peak Load Error E(I(;())r
(kN) (kN) (kN) °
BC-1W 26.09 26.09 0.00 0.00
BC-1.5W 33.16 33.16 0.00 0.00
BC-2W 48.51 48.51 0.00 0.00

Note: The percentage error was calculated using

|Pexp - Ppred|

exp

Error(%) = x 100

where P, is the experimentally measured peak load and Ppeq is the peak load
predicted by the empirical equation.

polynomial relationship can be employed as a preliminary design equation for es-
timating the flexural capacity of strengthened bendable composite slabs. Nev-
ertheless, the equation should only be applied to structural members possessing
material properties, fibre contents, strengthening configurations, specimen dimen-
sions, and loading conditions similar to those investigated in the present study.
Additional experimental research is recommended before extending the equation to
other structural configurations. The proposed equation is considered a preliminary
empirical relationship within the investigated experimental range. The comparison
between the measured and fitted peak loads indicates close agreement for the spec-
imens tested in this study; however, the relationship has not been independently
validated using an external dataset and should therefore not be considered a uni-
versally validated design equation. The comparison between the experimental and
fitted peak-load values represents the goodness of fit of the proposed empirical re-
lationship to the available experimental observations. However, because the same
limited dataset was used to develop and evaluate the relationship, this comparison
does not constitute independent external validation. Therefore, the proposed rela-
tionship is considered a preliminary empirical relationship within the investigated
range rather than a fully validated predictive model. Independent experimental
data from additional specimens are required to assess its predictive capability and

general applicability.
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5.3 Guidelines for Practicing Engineers

The experimental investigation conducted in the present study demonstrates that

externally bonded Carbon Fibre Reinforced Polymer (CFRP) sheets provide an

efficient rehabilitation technique for restoring the flexural performance of damaged

bendable composite (BC) slabs. Based on the experimental observations, analyti-

cal evaluation, and failure characteristics, the following practical recommendations

are proposed for engineers involved in the rehabilitation and strengthening of dam-

aged concrete slab systems.

1.

il.

1il.

1v.

Externally bonded CFRP sheets are recommended for the rehabilitation of
flexure-damaged bendable composite slabs where restoration of structural
capacity is required without increasing the dimensions or self-weight of the

structural member.

Proper surface preparation should be considered an essential step prior to
CFRP installation. The concrete surface should be cleaned, roughened, and
free from dust, grease, laitance, and loose particles to ensure adequate bond

development between the epoxy adhesive and the concrete substrate.

A high-quality epoxy adhesive should be used throughout the strengthening
process to achieve effective stress transfer between the CFRP sheet and the
concrete surface. Improper bonding may result in premature debonding and

reduced strengthening efficiency.

Experimental results indicated that CFRP strengthening significantly in-
creased the ultimate load-carrying capacity of damaged bendable composite
slabs. Therefore, this strengthening technique is suitable for existing slab

systems requiring improvement in flexural resistance and serviceability.

. The specimen reinforced with 2.0% steel fibres exhibited the highest load-

carrying capacity and superior flexural performance among all investigated
specimens. Consequently, a steel fibre content of approximately 2.0% may
be recommended for applications where maximum structural performance is

required.
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vi. CFRP strengthening considerably enhanced the energy absorption capacity
and post-cracking behaviour of the damaged slabs. Therefore, this rehabili-
tation technique is particularly suitable for structures subjected to repeated
loading, impact loading, or seismic actions where improved ductility is de-

sirable.

vii. Adequate anchorage length should be provided at the ends of the CFRP
sheets to minimize the possibility of premature debonding. Special atten-
tion should also be given to corner treatment and stress concentration zones

during installation.

viii. The empirical equation developed in this study may be used for preliminary
estimation of the peak load of CFRP-strengthened bendable composite slabs
within the investigated range of material properties, fibre contents, specimen
dimensions, and loading conditions. Application of the proposed equation
beyond these limits should be supported by additional experimental valida-

tion.

ix. Regular inspection of strengthened structural members is recommended dur-
ing their service life to identify possible debonding, environmental deterio-
ration, or accidental damage that may reduce the effectiveness of the CFRP

strengthening system.

x. Although the present investigation focused on slab elements, the proposed
strengthening methodology may also be considered for beams, bridge deck
panels, industrial floors, and similar flexural members after appropriate

structural assessment and design verification.

The findings of the present investigation demonstrate that CFRP strengthening
provides a practical, economical, and sustainable rehabilitation solution for dam-
aged bendable composite slabs. Proper material selection, surface preparation,
installation quality, and design verification are essential to achieve the desired

structural performance and long-term durability of strengthened members.
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The proposed practical implementation substantiated by the experimental strength-
ening procedure adopted in this study. The rehabilitation sequence was developed
directly from the treatment applied to the damaged BC slab specimens and con-
sisted of damage identification, unloading and inspection of the damaged slab,
surface preparation and cleaning, application of the epoxy adhesive, placement
and bonding of the CFRP sheet to the tension face, removal of entrapped air and
excess adhesive, curing, and subsequent retesting under the same flexural loading

arrangement.

The experimental observations provide practical evidence for these steps. The
strengthened specimens demonstrated increased peak load and flexural perfor-
mance compared with the corresponding damaged unwrapped specimens. The
observed CFRP debonding in some specimens also demonstrates the importance
of adequate surface preparation, adhesive application, and bond quality. There-
fore, the proposed procedure is not based solely on theoretical consideration; it is
derived from and supported by the actual strengthening and retesting procedure
performed during the experimental investigation.For practical implementation, the
proposed relationship should be applied to BC slabs having material properties,
steel reinforcement ratio, dimensions, CFRP configuration, and loading conditions
comparable to those investigated in the present study. The relationship is intended
for preliminary estimation within the investigated experimental range and should
not be directly extrapolated to substantially different structural configurations

without further experimental validation.

5.4 Summary

This chapter presented the discussion of the experimental findings together with
the development of practical recommendations for the rehabilitation of damaged
bendable composite (BC) slabs using externally bonded Carbon Fibre Reinforced
Polymer (CFRP) sheets. An empirical relationship was developed from the ex-
perimental data to estimate the peak load capacity of CFRP-strengthened slabs.
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Comparison between the experimental and predicted peak load values demon-
strated excellent agreement, with percentage errors remaining below 3%, indicat-
ing the reliability of the proposed model for preliminary engineering applications.
The structural behaviour of the strengthened specimens was evaluated in terms of
flexural strength, load—deflection response, energy absorption, ductility, and fail-
ure characteristics. The experimental results confirmed that externally bonded
CFRP sheets significantly enhanced the structural performance of damaged bend-
able composite slabs by increasing their load-carrying capacity, improving stiff-
ness, delaying crack propagation, and enhancing post-cracking behaviour. The
strengthened specimens also exhibited greater energy absorption capacity and im-
proved flexural toughness compared with the corresponding damaged unstrength-
ened slabs. Based on the observed experimental behaviour, a set of practical
guidelines was proposed to assist engineers in the design and implementation of
CFRP strengthening systems for damaged slab structures. The recommendations
emphasise proper surface preparation, adequate bonding, suitable steel fibre con-
tent, and quality control during installation to achieve optimum structural per-
formance and long-term durability.Overall, the findings presented in this chapter
demonstrate that externally bonded CFRP sheets provide an efficient, econom-
ical, and sustainable rehabilitation technique for damaged bendable composite
slabs. The proposed empirical relationship and practical recommendations may
serve as useful references for practicing engineers involved in the strengthening
and rehabilitation of reinforced concrete structures. The conclusions drawn from
this investigation provide the basis for the final conclusions and recommendations

presented in the following chapter.



Chapter 6

Conclusion and Recommendations

6.1 Conclusion

The experimental results demonstrate that externally bonded Carbon Fibre Re-
inforced Polymer (CFRP) sheets are an effective rehabilitation technique for im-
proving the flexural performance of pre-damaged bendable composite (BC) slabs.
Compared with the corresponding damaged unwrapped specimens, the CFRP-
strengthened slabs exhibited higher peak load capacity, improved load—deflection
response, enhanced post-cracking performance, and greater energy absorption.
Among the investigated specimens, the BC-2 specimen with 2.0% steel reinforce-
ment achieved the highest strength regain of 118.51%, with its peak load increasing
from 22.20 kN to 48.51 kN after CFRP strengthening. The BC-1 and BC-1.5 spec-
imens showed corresponding strength regains of 29.80% and 52.11%, respectively.
These results indicate that the effectiveness of CFRP strengthening varied with
the investigated steel reinforcement ratio, with the 2.0% reinforcement configu-
ration producing the greatest increase in peak load. Overall, the study confirms
that the combined action of internal steel reinforcement and externally bonded
CFRP can substantially enhance the flexural capacity and post-cracking perfor-
mance of damaged BC slabs. The findings provide an experimental basis for the

rehabilitation of damaged bendable composite slabs subjected to flexural loading.
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The following findings are derived from an experimental study carried out on dam-

aged bendable composite (BC) slab specimens reinforced with externally bonded

Carbon Fibre Reinforced Polymer (CFRP) sheets:

1.

11.

iii.

iv.

CFRP wrapping improved the load-carrying response of the damaged BC
slabs before ultimate failure. The wrapped specimens recorded higher peak
flexural stresses than their corresponding unwrapped specimens. The flexural
stress increased from 5.43 MPa to 7.04 MPa for BC-1, from 5.89 MPa to
8.95 MPa for BC-1.5, and from 5.99 MPa to 13.10 MPa for BC-2. The
corresponding peak loads also increased from 20.10, 21.80, and 22.20 kN to
26.09, 33.16, and 48.51 kN, respectively. These results demonstrate that
CFRP wrapping increased the flexural resistance of the damaged BC slabs
within the tested loading range.

CFRP wrapping changed the observed failure response from localized flexural
failure in the unwrapped specimens to flexural cracking accompanied by local-
ized CFRP debonding in the wrapped specimens. BC-1W exhibited flexural
cracking followed by CFRP debonding, BC-1.5W showed multiple flexural
cracks with CFRP debonding, while BC-2W experienced flexural failure as-
sociated with localized CFRP debonding. Thus, the CFRP layer remained
engaged after cracking and contributed additional tensile resistance before

localized debonding occurred.

The CFRP wrapping produced a measurable increase in peak load for all
three investigated reinforcement ratios. Based on the peak loads reported
in Tables 3.2 and 4.1, the strength regain was 29.80% for BC-1, 52.11% for
BC-1.5, and 118.51% for BC-2. The highest increase was therefore obtained
for the 2.0% reinforcement configuration, which increased its peak load from
22.20 kN to 48.51 kN. These results indicate that the magnitude of strength

recovery was dependent on the reinforcement ratio investigated in this study.

The proposed empirical relationship was evaluated against the measured peak

loads of the CFRP-wrapped specimens. The experimental peak loads were
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vi.

vil.

26.09, 33.16, and 48.51 kN, while the corresponding predicted values reported
in Table 5.1 were 25.68, 32.42, and 47.18 kN, giving absolute errors of 0.41,
0.74, and 1.33 kN, respectively, with percentage errors of 1.57%, 2.23%, and
2.74%. The prediction errors were below 3% for the investigated specimens.
However, because the relationship was developed and checked using the same
limited experimental dataset, it should be regarded as a preliminary empiri-
cal relationship within the investigated range, rather than an independently

validated design equation.

The effectiveness of CFRP wrapping was also demonstrated through flex-
ural stress, energy absorption, and Flexural Toughness Index (FTIT). Total
absorbed energy increased from 31.60 to 101.83 N-m for BC-1, from 39.10
to 106.10 N-m for BC-1.5, and from 50.96 to 240.90 N-m for BC-2. The
corresponding FTI values of the wrapped specimens were 1.18, 1.29, and
1.22, respectively. The BC-1.5W specimen recorded the highest FTT of 1.29,
whereas BC-2W showed the greatest total energy absorption of 240.90 N-m.

For rehabilitation of damaged BC slabs within the conditions investigated, the
CFRP strengthening procedure should consist of damage assessment, prepa-
ration and cleaning of the concrete surface, application of the specified epoxy
adhesive, placement and bonding of the CFRP sheet to the tension face,
proper curing, and subsequent inspection and retesting. Particular attention
should be given to achieving adequate surface preparation and continuous
bonding because localized CFRP debonding was observed in all wrapped
specimens. The practical recommendations are therefore applicable to the
tested slab geometry, materials, CFRP configuration, and loading conditions
and should be further verified before application to different structural con-

figurations.

The efficacy of CFRP strengthening in repairing damaged bendable compos-
ite (BC) slabs is shown by the results of the load-deformation behavior, me-

chanical properties, failure mechanisms, fracture parameters, strength regain
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evaluation, and comparative performance assessment. The damaged speci-
mens’ load-carrying capacity, flexural strength, stiffness, deformation capac-
ity, and fracture toughness were all greatly enhanced by CFRP wrapping.
When compared to the similar unwrapped specimens, the reinforced slabs
showed improved crack control, delayed crack propagation, and more ductile
failure behavior. Additionally, the enhanced post-cracking performance and
structural resilience of the restored slabs were validated by the rise in en-
ergy absorption capacity and Fracture Toughness Index (FTI) values. The
slab strengthened with CFRP sheets and reinforced with 2% steel fibers per-
formed the best overall of all the specimens, demonstrating the advantageous
combination of exterior CFRP confinement and interior steel-fiber reinforce-
ment. Overall, the results of the experiment show that CFRP wrapping is a
dependable and effective strengthening method for repairing and improving
the structural performance of damaged bendable composite slabs.The exper-
imental comparison indicates that the optimum reinforcement ratio depends
on the performance parameter considered. The 2.0% steel reinforcement con-
dition provided the highest increase in peak load and strength regain, with
a strength regain of 118.51%, while the 1.5% condition exhibited the highest
Flexural Toughness Index (FTI) of 1.29. Therefore, 1.5% should not be de-
scribed as universally the best reinforcement ratio. Instead, the selection of
reinforcement ratio should be based on the required structural performance

and the specific rehabilitation objective.

6.2 Recommendations

Based on the findings of this research, the following recommendations are

proposed for future studies and practical implementation:

(a) Explore the performance of CFRP-repaired BC slabs with different steel

fiber contents and reinforcement ratios.

(b) Investigate the long-term durability of CFRP-strengthened BC slabs

under environmental exposure and cyclic loading.
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